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ABSTRACT
MODERN APPROACHES FOR MULTIFUNCTIONAL
HYDROLYZYING THIOL-ENE NETWORKS
by Nicole Marie Mackey
May 2012
Marine fouling has been an expensive and time-consuming process for navies and
fishermen by the accumulation of marine algae and animals on artificial surfaces. Many
coatings have been proposed to combat marine fouling in efforts to extend the lifetime of
objects immersed in sea water. However, all coatings tested have either failed to resist
fouling for a significant length of time or have released toxins into the environment. We
have investigated an environmentally friendly approach to address the problem of marine
fouling through the synthesis and preparation of a biocidal and a self-polishing coating.
Both novel monomers were prepared containing ene functionality cable of a radical step
growth polymerization with a thiol functional group to form rapid homogenous thiol-ene
networks in the presence of oxygen.
Self-polishing polymer networks were prepared that could result in a fouled
polymer surface being released from the network of a coating exposing a pristine
polymer underneath. A novel hydrolyzing monomer was created through a substitution
reaction allowing for the incorporation of hydrolytically unstable bonds into a thiol-ene
network. Kinetic rates of polymer hydrolysis were investigated to understand and
manipulate the rate of polymer degradation in aqueous environments.
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Multiple characterization techniques were employed revealing surface erosion was taking
place allowing for the development of a self-polishing polymer surface.
Self-decontaminating networks were investigated as means to resist marine
fouling by creating a surface capable of killing small organisms on contact. An addition
reaction was used to synthesize a series of biocidal quaternary ammonium compound
(QAC) by varying the alkyl chain on the positively charged nitrogen center. Minimum
inhibitory testing was performed on each QAC showing high biocidal activity of each
QAC in solution. Each thiol-ene film containing QAC was able to maintain a high
biocidal activity at 5 wt.% addition of the prepared QAC.
All films investigated were thoroughly characterized for physical, mechanical,
thermal, and surface properties using standard techniques. In both the biocidal and
hydrolysable investigation polymerization kinetics and corresponding thiol monomers
were held consistent. In efforts to tailor coating properties a fundamental thiol-ene
investigation was performed to analyze adhesion strength and thiol-ene network
properties by varying functionality and network density of thiol and ene monomers.
Mechanical and physical properties of thiol-ene formulations appeared to correspond to
substrate adhesion with formulations exhibiting higher glass transitions (Tg), toughness,
and stress at breakage values also showing the highest substrate adhesion. Results of the
fundamental thiol-ene study should be beneficial in tailoring properties of thiol-ene
networks in future studies.
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CHAPTER 1
INVESTIGATION OF MARINE FOULING AND THE HISTORICAL
DEVELOPMENT OF ANTI-FOULING COATINGS
Marine biological fouling consists of microorganisms, plants, and animals
accumulating on artificial surfaces immersed in sea water.1 The adverse effects of marine
fouling on ships are well known and lead to severe consequences, such as increased drag
and weight, frictional resistance, surface roughness, and loss of maneuverability.2-3
Organic algae based films have been shown to increase in power consumption by 21%,
whereas large animal fouling coverage can lead to an 86% increase in power
consumption.4 The added fuel expenses and the frequency of dry docking has created a
global fouling industry now worth US$ 4 billion annually.4 Dry docking is currently used
to clean fouled ship surfaces resulting in loss of use for the ship and large amounts of
toxic waste generated with cleaning supplies.5-7 Ecosystems are also negatively affected
when biofouling takes place by transporting hard and soft foulers out of their native
environment into areas where they are not naturally present.8-9 With over 4,000 species of
foulers present in the ocean developing an antifouling coatings that will deter settlement
for each one has been a daunting task.1 These organisms thrive in a variety of
environmental conditions and easily adapt to changes, making development of an
antifouling coating particularly difficult. Thoroughly understanding the stages of foul
adhesion may be the first step in developing an applicable coating.1
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Figure 1. Image of fouled ship hulls.
There are two main stages in fouling adhesion, microfouling and macrofouling,
illustrated in Figure 2. The first step of barnacle adhesion is the production of an organic
“conditioning” film consisting of polysaccharides and proteins, which will rapidly cover
a clean, manmade surface within minutes of submersion.1 Despite bacteria and diatoms
lack of flagella they are easily attached to the conditioning film initially by balancing
electrostatic interactions and van der waals forces as illustrated in Figure 4.10-11 The
microbial film that develops from the absorbed bacteria and diatoms creates a gel-like
polymer matrix, which supplies the microorganisms protection from predators and toxins
and an ample supply of nutrients. The species are adhered to the substrate creating a
biofilm through neutral or acidic polysaccharide mucilage. The biofilm can easily adapt
to changes in the environment and is ready to trap larger particles and organisms, such as
algal spores and protozoa.1-2 Resulting in a biofilm prepared for the final stage of fouling.
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Figure 2. Table of stages of fouling broken up into 4 steps and two categories.14
The settlement of larvae for macrofoulers takes place in the final tertiary stage of
fouling roughly 2-3 weeks after an untreated surface is immersed in seawater. Adult
foulers have a rapid growth rate, and show little substrate preference. They are also
highly adaptable to environmental changes resulting in long term residence on the
substrate of choice.7 The adhesion process varies for different species of macrofoulers
from various crosslinking reactions to different physical properties of secreted
adhesives,14 leading to the need for an equally sophisticated and adaptable antifouling
coating.
Many coating formulations have been tested for antifouling properties dating back
to 1500-300 BC. Efforts to develop an antifouling coatings was first evident by the early
Phoenicians when copper and lead sheets were used to cover they’re wooden ships. Other
ancient cultures during that time were using tar and wax to protect the bottoms of their
boats. The first recorded patented for an antifouling coating was by William Beale in
1625 for a coating mixture of cement, copper, and iron powder. Later improvements were
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made on the work of William Beale by incorporating copper sheathing to the hulls of
ships; allowing ships to spend longer amounts of time in service before fouling took
place. By the late 1700’s copper was widely used by the British navy. Variations of this
early technology continued in the early 1800s with other toxin leaching coatings,
including mercury, arsenic, and lead. None of which were completely successful.10 Sir
Humphrey Davy shed light on the antifouling properties of copper coatings in the 1900’s
by studying the corrosion of copper in sea water. It was then understood the antifouling
properties of copper were obtained by copper leaching out of the coating and into the sea.
The success of copper coatings was short lived requiring frequent cleaning and
reapplying every 18 months. Other toxin leaching compounds were investigated for
improvements in coating lifetime.
Tributyltin (TBT) was the most successful toxic leaching coating. At the time
TBT was thought to be a non leaching coating, only exhibiting toxic properties when an
organism was adhered to the surface. Later research revealed the coating releasing TBT
into the sea. In 1976 Milne and Hails paired TBT with their patented self-polishing
coating technology a successful antifouling coating was made and ensured a foul-free
hull for up to 5 years.1 Research took a new direction for chemists, who began
investigating the kinetic rate of the successful self-polishing coatings in efforts to control
the rate of release and lifetime of the coating. At the same time biologists began
analyzing the effects of TBT revealing the highly toxic nature of the compound.1 TBT is
easily incorporated into biological membranes due to their high solubility in fats allowing
TBT to easily penetrate biological membranes.1 Changes in marine life have reinforced
the toxicity levels of TBT by exhibiting changes in growth, development, and
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reproduction in bacteria, fish, and mammals. Possibly the most concerning effect of TBT
documented on marine life were substantial changes to human food sources. Research
has shown TBT to have a relatively short half-life in sea water of ~20 days, however
once absorbed into the sediments TBT’s half life increases to months.10 In 2001 the
International Maritime Organization addressed concerns of toxicity by banning TBT from
further use in marine applications starting in 2003, and TBT was to be completely phased
out of the marine environment by 2008 creating a need for new environmentally friendly
antifouling coatings9 Since the restrictions have been in place marine life has shown signs
of recovery specifically the oyster populations in Australia.
The ban of TBT has lead the area of antifouling research to an environmentally
friendly approach in efforts to address the problem of fouling without adding harmful
materials to the ocean. Current investigations have been in the area of booster biocides,
surface modifiers, and reactive coatings. These coating can be classified into 4 categories;
soluble, leaching, self-polishing, and foul releasing coatings as shown in Figure 3.4
Soluble and leaching coatings are both amendable to biocidal films, soluble coatings
depicting the release of biocide through “passive leaching” of the film at the surface
Figure 3 (a), and leaching referring to the escape of the biocide at the surface of the
coating deterring attachment into the water Figure 3 (b). Self-polishing coatings have
shown improved lifetimes from soluble and leaching biocidal films by using a controlled
erosion reaction in which the film surface hydrolyses with seawater exposing a fresh
surface underneath, illustrated in Figure 3 (c). Foul release coatings shown in Figure 3 (d)
have also shown promise for an environmentally friendly approach to fouling by taking
advantage of the shear force ships create at high speeds. This coating does not deter
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attachment however the combination of the coating and high speeds of the ship can lower
barnacle attachment strength resulting in a cleaned surface.

Figure 3. Illustration of 4 types of anti-fouling or foul release coatings, (a) soluble
matrix, (b) contact leaching, (c) self polishing, (d) foul release.4
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The initial response for the replacement of TBT coatings with environmentally
friendly formulations was inspired by nature. Some animals in the marine environment
are heavily fouled where as some remain foul free. This has lead scientists to analyze
secondary metabolites within the foul free species and has shown the metabolite’s
(booster biocide) ability to dissolve the adhesive excreted by the fouler preventing
permanent residence.1 This discovery has lead to the investigation of a wide array of
metabolites mainly focusing on terpenoids, steroids, fatty acids, aminoacids,
heterocyclics (furans, lactones), acetogenins, alkaloids, and dpolyphenolics.1 Booster
biocides were incorporated in a soluble matrix, able to slowly release the biocide with
time.1 They were also incorporated later into self-polishing matrices, able to react with
seawater and erode at the surface exposing fresh biocide with time, shown in Figure 3
(c).4 These biocides proved powerful, however were difficult and time consuming to
obtain in large quantities. The use of herbicides as a booster biocide has been investigated
in soluble matrices. These were more cost efficient and obtainable in mass quantities
however proved toxic in seawater.1
Irgarol 1051 (2-methyl-thio-4-tert-butylamino-6-cyclopropylamino-s-triazine) is a
commonly used herbicide and antifouling coating additive showing great biocidal
properties specifically targeting algae with little effect on animal life.1 Despite Irgarol’s
low impact on animal foulers it showed promise for a successful antifouling coating with
the thought of stopping initial biofilm formation would prevent further macrofoulers from
developing.1 Due to Irgarol low water solubility and partition coefficient the biocide
rapidly disperses through the water creating a large area of contamination. When paired
with Irgarol long half life in the sediments of 200-300 days or longer persistent
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contamination is created that resists biodegrading.1 Even low concentrations have been
found toxic to micro and macroalge as well as sea grass and endosymbiotic coral. Japan,
Netherlands, Spain, Sweden, Switzerland, Denmark, Germany and Australia have all
detected Irgarol in their seawater making Irgarol a concerning replacement for TBT.1
Other herbicides have been investigated for their use as antifouling booster
biocides.1 Diuron (3-(3,4-dichloropenyl)-1,1-dimethylurea) is a photosynthesis inhibitor
primarily used for vegetation control on land, but has been incorporated into soluble
matrices for antifouling paints.1 Unlike Irgarol, Diuron has been found to resist plant and
animal growth at the coating surface. Conflicting evidence has been reported about the
accumulation of Diuron in estuaries where it is currently in use reporting no detection to
significant bioaccumulation.1 With the use of biocides posing a risk to the marine
environment, the area of antifouling coatings began moving away from the incorporation
of biocides and began looking into new mechanisms to deter settlement.
The DLVO theory (Derjaguin and Landau, Verwey and Overbeek theory) has
served as inspiration for antifouling area of research by relating bacteria interaction with
a substrate surface to colloidal particles in an emulsion. In both situations a balance must
be made between the repulsive interactions of the neighboring particles in the emulsion
and the attractive Van der Waals interactions between the molecules in the particles.
Antifouling coatings have been investigated by taking advantage of DLVO theory by
lowing the surface energy of the substrate with hopes the attractive forces of the bacteria
will be lowered enough to resist bacterial adhesion.12 Keeping in mind most bacteria in
the aquatic environment are negatively charged. Figure 4 illustrates the balance that must
be met between electrostatic interactions and Van der Waals force in order for bacteria to
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adhere to a surface.12 Low surface energy coatings have been investigated for possible
foul release coatings by using shear forces obtained when a ship reaches a given speed to
clean the coating surface.1,12 Further research has shown surface topography may play an
important role in the development of a successful antifouling coating as well as surface
energy.

Figure 4. Electrostatic and van der Waals forces must be balanced by the bacteria in
order to adhere to a substrate.12
Specifically tailored coating topography has also shown to be a promising area for
antifouling coating design. Scardino et al. proposed the influence of a microtextured
substrate on attachment of diatoms by studying the attachment point theory shown in
Figure 5. When the microtexture scale of the substrate is larger than the footprint of the
fouling adhesion is increased also resulting in protection for the fouler from
hydrodynamic forces of water current.13 When the substrate microtexture is smaller than
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the foot print of the fouler attachment is decreased. The attachment point theory has been
proven accurate in the investigation of larger foulers. Scardino et. al. analyzed diatoms
attachment during the microfouling stage suggesting the incompletion of the
microfouling stage may impede macrofouling. Reduction of diatom attachment was
found as attachment points decreased suggesting surface topography may be a way to
deter settlement of foulers on a substrate.

Figure 5. A) Shows the multiple points of adhesion for a cell on a flat substrate. B)
Shows topography changes larger than the footprint of the cell and increased adhesion
points. C) Shows topography changes in the substrate smaller than the cell footprint and
available surface area to adhere to is decreased. D) Topography size is tuned such that
minimum surface area for a cell to adhere to is maximized.13
Polymerization Networks
There are many possibilities for polymerization mechanisms to consider in the
development of an anti-fouling coating. Two networks known for creating excellent
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coatings are thiol-ene radical step-growth polymerizations and urethane systems. Both
create continuous films with excellent physical and mechanical properties using
commercially available monomers. Each system contains a wide variety of monomers
allowing for specific coating properties to be imparted into the system.
Introduction to Thiol-ene Networks
Early work in thiol-ene free radical chemistry dates back to the 1930’s with
applications to multiple fields, such as polymer chemistry and biochemistry.18-25 Thiolene networks took on industrial applications as a way to develop inexpensive and durable
coatings. Multifunctional monomers and oligomers became available at low cost and in
industrial quanities around the same time benzophenone was used as a photoinitator. The
use of benzophenone led to coating stability issues when exposed to indoor and outdoor
light, giving rise to colored byproducts drastically impacting the use of thiol-ene
networks.45 Revival of thiol-ene chemistry started in 1970’s with industrial uses of thiolene photopolymerization, and recent efforts took on an academic industrial approach with
National Science Foundation funding at the University of Colorado and the University of
Southern Mississippi.26-41
Click chemistry is a way of developing networks by quick reactions of small
molecules.25 By using thiol and ene molecules a free radical step growth process is used
to incorporate functionalized thiols and enes into molecularly designed coatings quickly
and efficiently.25 The technical approach is amenable to either thermal or photochemical
free-radical initiators, and an example using a photochemical cleavage initiator is
provided in Figure 6.25 The benefits of thiol-ene click chemistry are numerous and
include a delayed gelation, insensitivity to molecular oxygen, the production of a uniform
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crosslink density, and high conversion.25,42 In addition, there exists a wide variety of
commercial thiols and enes available to allow for tailoring of the molecular architecture
toward numerous application opportunities.45-51

Δ

Figure 6. General radical mechanism for thermal polymerization of thiol-ene solution.
The above scheme shows the initiation and propagation steps that take place when
a thermal initiator is exposed to heat creating two radicals in the presence of thiol and ene
molecules. A radical is able to abstract a hydrogen from the thiol bond to form a thiyl
centered radical. The thiyl radical attacks the carbon carbon double bond, resulting in
addition of the thiol across the double bond and the formation of a carbon centered
radical. This step propagates to form homogenous networks, until two radicals find each
other thereby terminating radical propagation. As mentioned early, thiol-ene reactions
take place by a free radical step growth process resulting in uniform and homogenous
networks.25 Figure 7 shows the homogenous networks created by a trithiol and a triene,
and the inhomogenous networks created by multifunctional acrylate homopolymer.86 The
uniform structure created by thiol and ene networks have many benefits and
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improvements from acrylate structures including mechanical strength, delayed gelation,
and substrate adhesion. Functional groups can be incorporated in the uniform networks
by modifying the thiol or ene.52

Figure 7. A) A uniform and homogenous crosslinked thiol-ene network. B) A modified
thiol-ene network to incorporate a free R group. C) Typical acrylate homopolymer
creating an inhomogenous crosslinked structure.52
Kinetics of the thiol-ene reaction depend on the structure of both the ene and
thiol.25 Electronics play a great role in the reactivity of the ene. Increased electron density
of the ene increases the reaction kinetics of the reaction with one key exception to this
rule.25 When the carbon centered radical can be stabilized by the molecule the reaction
will be slowed down. This can be done by a highly conjugated ene that will stabilize the
radical through resonance. Specific ring structures are also exceptions to the kinetic trend
when ring strain will be relieved when opened resulting in an increased kinetic rate.25
Figure 8 lists common ene structures in order of decreasing kinetic rates, taking into
account electron density, conjugation, and ring strain.25
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Norbornene >Vinyl ether > Propenyl > Alkene ~ Vinyl ester > N-Vinyl amides > Allyl
ether Allyltriazine > N-Vinylamides > Allylether ~ allyltriazine ~ Allylisocyanurate >
Acrylate > Unsaturated ester > N-substitured maleimide > Acrylonitrile ~ Methacrylate >
Styrene ~ Conjugated dienes
Figure 8. Generalized reactivity differences of simple ene structures starting with most
reactive to least reactive.25
This is highly based on electron density of the ene with a few exceptions.
Norbornene is a bridged cyclohexene that relives ring strain upon opening making the
kinetics of the reaction rapid despite the relatively low electron density with respect to the
other enes.25 Figure 9 shows structures of basic enes that help highlight the kinetic trend.
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Figure 9. Structures of general ene molecules commonly used in thiol-ene chemistry.42
There are three basic types of thiols for thiol-ene polymerization, alkyl 3mercaptopropionate, alkylthioglycolate, and alkyl thiol, structures shown in Figure 10.
Propionate and glycolate thiols have been reported to have close to six times greater rates
of reaction than alkyl thiols.25 The oxygen of the carbonyl in both the propionate ester
and the glycolate ester plays a key role in the kinetics of the thiol-ene reaction. The sulfur
hydrogen bond is thought to weaken through hydrogen bonding to the electron rich
carbonyl oxygen resulting in easier hydrogen abstraction during polymerization and
faster kinetics.42
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Figure 10. Structures of general thiol molecules commonly used in thiol-ene chemistry.42
Thiol-ene networks impact many benefits to a coating, one being a delayed
gelation point.42,43 Before polymerization begins there is a liquid mixture of low
molecular weight thiol and ene monomers. As polymerization takes place molecular
weight builds, and the network forms eventually turning into a solid film. Thiol ene
networks have a high conversion of functional groups reacting in the liquid state, before
the mixture gels and turns into a solid. When both components are trifunctional, the
system has a 50% conversion before gelation takes place. When both components are
tetrafunctional 33% conversion takes place for before gelation.25 The gelation point can
be manipulated by the following Equation 1.
α = [ 1/r (fthiol – 1) (fene – 1)]1/2
Equation 1. Where r is the thiol ene molar ratio based on functional groups, fthiol is the
thiol functionality, and fene is the ene functionality.25
Shrinkage takes place as the network forms. The delayed gelation point minimizes
this effect by allowing a high percentage of crosslinking to take place while the system is
still in liquid form and the shrinkage hasn’t negatively affected bonding to the substrate.25
This is a great improvement from the gel point of multifunctional acrylates monomers,
which takes place after only a few percent conversion putting the film at risk of
delaminating.42 This is represented in Figure 7 where the acrylate network created is an
inhomogenous crosslinked structure.
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A fundamental characteristic of thiol-ene reactions is they are relatively
insensitive to oxygen. Radial polymerizations often have a daunting task of removing
oxygen from the environment in order to receive high percent conversions. However,
thiol-ene radical polymerizations can be done open to the air with rapid kinetics and high
conversion, making them vary applicable to industrial purposes.42 Figure 11 shows a
carbon centered radial reacting with a thiol, with and without the presence of molecular
oxygen. When oxygen is introduced in the thiol-ene reaction a peroxy radical is formed,
which hydrogen abstracts from the thiyl relatively the same way the carbon centered
radial hydrogen abstracts from the thiyl. In both reactions the thiol carbon bond is
made.25

Figure 11. Reaction mechanism for thiol ene radical polymerization in the presence of
oxygen.25
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Introduction to Urethane Networks
Urethane reactions produce materials with excellent mechanical properties for use
in industrial applications such as foams, coatings, and medical devices. Analogous to the
thiol-ene system, a wide array of commercially available monomers exist to allow for
tailoring of the resulting polymer properties.46,47 Urethanes have proven adaptable to a
wide range of industrial applications through the reaction of isocyanate (NCO) and
alcohol (OH) functional groups shown in Figure 12.

Figure 12. Generalized mechanism of an isocyanate monomer reacting with an alcohol
monomer.47
The isocynante and alcohol polyaddition reaction is amendable to multiple
polymerization pathways allowing flexibility during final application design. Urethane
chemistry has been known to produce relatively inexpensive and durable coatings,
exhibiting strong mechanical properties, good abrasion resistance, and thermal stability.47
Both polyisocyanates and polyols allow for a wide variety of properties to be introduced
into coatings through commercially available monomers. Isocyanates have an infinite
amount of possibilities, but can be classified into two general categories, aliphatic and
aromatic.44 Yellowing of urethane coatings produced from aromatic isocyanates became
an issue as the coating aged lowering the early excitement about applying aromatic
isocyantes into outdoor films.44 Aliphatic isocyanates offered a solution to this problem
by providing strong, highly crosslinked, UV stable urethane films. Figure 13 shows
representative structures of basic aliphatic and aromatic isocynantes.
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(a) toluene disocyanate (TDI)

(b) Hexamethlene diisocyanate (HDI)

methylene diphenyl diisocyanate (MDI)

Isophorone diisocyanate (HPDI)

Figure 13. (a) Two general categories for aromatic isocyanates; (b) Two general
categories for aliphatic isocyanates.48,49
All isocyanates shown in figure 11 contain two NCO groups per monomer,
making each one difunctional. Isocynantes and alcohols respectfully may contain higher
numbers of functional groups per monomer resulting in increased network density.
Reactivity of the NCO group on the isocyanate is very due to the high electron density of
the two cumulated double bonds.47 The alcohol acts as the nucleocleophile and is
attracted to the electrophilic carbon in the carbonyl group of the isocyanate resulting in a
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carbamate as shown in Figure 14. The intermediate is unstable with a positive charge on
the alcohol which is easily stabilized by a hydrogen transfer to the negatively charged
nitrogen yielding a stable urethane bond.47

Figure 14. Generalized polyaddition reaction of an isocyanate with an alcohol.47
The polyaddition reaction of a multifunctional isocyanate and multifunctional
alcohol is able to produce a wide range of products with different mechanical, thermal
and physical properties.50 Reaction conditions need to be tailored to yield the desired
product. Temperature, time, addition of a catalyst or inhibitor, solvent, and monomer
ratio all contribute to the product produced.47
Reaction temperature plays a significant role on the oligomoer and polymer
products. Isocyanates can undergo dimerisation at 43 °C or slightly higher yielding
yellow colored uretidione as shown in Figure 15 (a).50 The diamers are not able to
dissociate until temperatures of 175 °C are reached. Isocyanates can also form
irreversible trimeres when under alkaline conditions yielding thermally stable
isocyanurates as shown if Figure 15 (b).50 Isocyanurates reactions have been utilized in
the production of thermally stable polyurethane-isocyanate foams. When urethanes are
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presence under alkaline conditions allophanate compounds can be formed.50 Allophanates
can be used in the production of thermoplastic polyurethane elastomers.50

Figure 15. (a) Diamer formed from TDI isocyanate, (b) trimer formed from TDI
isocyanate, (c) urethane isocyanate reaction forming an allophanate.50
Prepolymer reactions can be used to increase the molecular weight of the
oligomer without reacting all available NCO and OH functional groups. Inhibitors can be
used during prepolymer reactions to limit side reactions that may take place and increase
the shelf life of the prepolymer. Lewis acids such as benzoyl chloride and p-nitrobenzoyl
chloride are commonly used inhibitors.50
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Both urethane and thiol-ene systems contribute highly desirable coating properties
to their networks. Thiol-ene click chemistry is well known for creating homogenous
networks open to the air in the presence of oxygen, well suited for quick commercial
applications.52 This has been an obstacle for urethane chemistry which is highly reactive
to moisture in the air. Despite the lack of ease of urethane applications the excellent
mechanical properties of the system as well as high substrate adhesion makes urethane
systems in great demand. Current research suggests a way to incorporate the benefits of
urethane networks into the homogenous networks of thiol-ene chemistry.
Recent efforts of the Hoyle research group demonstrate that the modification of
thiol-ene networks with urethane segments may result in the improvement of select
polymer network properties specifically imparting impact adsorption, elastic properties
and fracture toughness to films were in the past thiol-ene networks have fell short.51,52
Diisocyanates can be end capped by reacting with ene containing alcohols resulting in
urethane bridged oligomers that may be efficiently polymerized with thiols. Each
monomer can be specifically chosen to modify the coating for the desired mechanical
properties such as glass transition (Tg) and film hardness.53 The Hoyle research group has
demonstrated the capabilities of combining the benefits of thiol-ene click reactions and
mechanical toughness of urethane bonds into one homogenous film.
Project Objectives
There have been many different proposed theories to combat the problem of
marine fouling. None have been able to deter settlement without adversely effecting the
environment. The overall goals of this project was to create a novel coating that is
optically transparent, vibrationally dampening, and capable of resisting marine fouling

23
for at least one year. Quaternary ammonia compounds and hydrolyzing monomers were
each investigated individually for their unique attributes to an antifouling coating using
thiol-ene and urethane chemistry. Quaternary ammonia compounds were analyzed for
their biocidal properties in solution and in film. Coating hydrolysis was investigated by
synthesis of a hydrolyzing monomer able to create self-polishing polymer networks with
controlled kinetic rates able to slough off any fouler that has attached to the coating
surface. Mechanical analysis and substrate adhesion was optimized during final coating
formulation.
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CHAPTER II
SYNTHESIS AND INVESTIGATION OF HYDROLYSABLE
SELF-POLISHING FILMS
Abstract
Novel tetra-functional hydrolyzing monomers were prepared from the
reaction of TEOS and select alkene-containing alcohols, ethylene glycol vinyl ether
or 2-allyloxy ethanol, and combined with trimethylolpropane tris(3mercaptopropionate) (tri-thiol) in a thiol-ene "click" polymerization reaction. Clear,
colorless thiol-ene networks were obtained by using both radiation and thermal-cure
techniques. All prepared networks were characterized to thoroughly understand
their mechanical properties, hardness, tack, and thermal stability (TGA). Each
formulation analyzed exhibited low glass transition temperatures, adequate hardness
and tack, and found to have high thermal stability. A new ene-modified urethane
oligomer was prepared based on the aliphatic polyisocyanate Desmodur® N 3600
and added to the thiol-ene hydrolysable network series in increasing amounts,
creating a phase-segregated material having two Tg’s. An increase in water
absorption in the ene modified urethane formulations leading to a simultaneous
increase in the rate of hydrolysis was supported by TGA data, film hardness
measurements, and an NMR study of closely related networks. This phenomenon
was attributed to the additional hydrogen bonding elements and polar functionality
brought to the film with the addition of the urethane segment. SEM was utilized for
visual analysis of topographical changes in the film's surface upon hydrolysis and
provides support for surface-driven erosion. The focus of this study was intended
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for marine use; however the research could be tailored for a range of hydrolyzing
applications.
Introduction
The area of hydrolyzing networks or self-polishing coatings has generated much
excitement in the coating industry for applications ranging from antifouling coatings to
drug delivery systems.54 A wide array of polymers have been investigated for these
applications including polylactic acids, poly ortho esters, and organo silicates. Selfpolishing coatings introduce unique properties to films through the incorporation of
hydrolytically unstable bonds which react with water to cleave network bonds resulting in
the degradation of the existing polymer surface and therefore the presentation of a new,
regenerated surface. Controlled rates of hydrolysis are an extremely desirable property
for these coatings; however, the reaction kinetics and mechanisms have not been widely
explored.55
The hydrolysis of metaloxides, such as organo silicates, has been investigated
primarily in the field of sol-gel techniques. In this method, metal oxides undergo various
stages of hydrolysis and polycondensation reactions, ultimately producing gels suitable
for applications in polymeric materials,56-64 optics,60 biomaterials,64 and glassy or ceramic
like coatings.65,66 Tetraethyl ortho silicate (TEOS) has been used in sol-gel techniques
since the 1880’s.56 Figure 16 describes an example substitution reaction of TEOS with an
alcoholic nucleophile, resulting in the evolution of ethanol byproduct and the formation
of a newly tetra-substituted organo-silicate having polymerizable groups.67-70 This
reaction can be tailored for the synthesis of monomers with a variety of functional groups
while maintaining the hydrolyzing properties of the silicate center, leading to novel
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hydrolyzing networks. The functional groups designed in the hydrolysable monomer can
then be used through a polymerization reaction leading to biodegradable matrix.

Figure 16. Hydrolysis of tetraethyl orthosilciate.71
All biodegradable polymers contain hydrolysable bonds in which polymer chains
are cleaved resulting in the formation of oligomers and ultimately monomers. Polymer
erosion takes place when cleaved oligomers and monomers diffusion out of the polymer
surface.54 Biodegradable polymers eventually erode however some erode at the surface
exhibiting a loss of film thickness with time yielding a renewed film at the surface for
further erosion. Others go through bulk erosion where the molecular weight of the
polymer quickly decreases with only a small change in mass of the polymer.54 Erosion of
a hydrolysable film is a complicated process involving multiple steps making an overall
kinetic rate of reaction difficult to obtain.54 Before hydrolysis can take place water must
first diffuse into the polymer.56 The degree of hydrophobicity of the polymer, amongst
over variables plays a great role in the initial rate of diffusion into the polymer film. Once
water has penetrated the polymer network it is free to react with the hydrolytically labile
bond. The resulting oligomers and monomers are controlled by the rate of diffusion out
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of the polymer network leading to an overall weight loss. Bulk erosion takes place when
the rate of diffusion in and out of the polymer is much higher than the rate of hydrolysis
resulting in the matrix being fully hydrated and equally affected by erosion.54 When the
rate of hydrolysis is rapid compared to the rate of diffusion water is used as it enters the
polymer so erosion takes place at the surface resulting in a self-polishing polymer.54
Figure 17 illustrates the difference between surface erosion and bulk erosion for two
hydrolysable polymer films on a substrate. Both surface erosion and bulk erosion have
been desirable reactions kinetics in biodegradable polymers for a variety of applications.
Investigating the kinetics of hydrolysis for biodegradable polymers exhibiting both
surface and bulk erosion is extremely important for understanding the lifetime and
application of the material.54,56

(a)

(b)

Figure 17. Illustration of a hydrolysable film exhibiting surface erosion (a) and bulk
erosion (b).
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Analyzing the kinetic rate of hydrolysis for biodegradable polymers has proven to
be a complicated task with multiple variables to consider. The reaction initiates by first
diffusing water into the polymer leading to hydrolytically unstable bonds breaking. Once
enough hydrolytically unstable bonds have broken diffusion from the film into the
surrounds can take place.54 As water continues to diffuse in and out of the film polymer
depth and resulting diffusion pathways continue to change. Figure 18 illustrates the
equilibrium reaction of water diffusion in and out of the polymer film as well as the
kinetic rate of hydrolysis. Fully understanding the kinetics of this reaction have been
proven to be a complicated task due to the constant change in environment through
network density, hydrophilicity, diffusion pathway, and changes in glass transition
temperature.54,46

Figure 18. Generic description of the hydrolytic process in coatings.71
The pharmaceutical community has investigated rates of hydrolysis for drug
delivery of biodegradable pill matrices taking into account different rates and parameters
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of the reaction.56 Higuchi was the first to develop a model to analyze the release rate of a
highly water soluble and slightly water soluble drugs in a solid matrix. He was able to
correlate multiple variables into one equation and further simplify to ultimately solve for
drug release from a matrix with time.56 Equation 2 (a) relates Q the amount of drug
released per time to the unit area t, the initial drug concentration C, the drug solubility in
the matrix Cs, and the infusibility of the drug in the matrix D. The simplified Higuchi
model is shown in Equation 2 (b) by substituting in the Higuchi dissolution constant. This
model is still widely used in understanding the kinetics of a biodegradable solid and
kinetics of drug delivery in the pharmaceutical industry;56 however the Higuchi model
also has great application for understanding the kinetic rate of hydrolysis for polymer
films.
(a) Q=√(D(2C-Cs)Cst
(b) Q=KHt1/2
Equation 2. Higuchi model equations for drug release from a matrix with time.
Materials and Methods
Materials
Unless otherwise noted, materials were used as received. Ethylene glycol vinyl
ether (97 %), 2-allyloxy ethanol (97 %), tetraethyl orthosilicate (TEOS, 98 %),
trimethylolpropane tris(3-mercaptopropionate) (tri-thiol, 96-99 %), 2-2’-azobis(2methylpropoionitrate) (98 %), 2,2,3,3-tetrafluoro-1-propanol (98 %), 2,2’-azobisiso
butlyronitrile (ABIN 98%), and dibutyltin diaularate (95 %) were obtained from Aldrich.
Irgacure 651 and Desmodur® 3600 were obtained from Ciba Specialty Chemicals and
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Bayer Material Science, respectively. Chloroform and toluene were obtained from
Fischer and distilled just prior to use. 1H and 13C NMR were taken at 400 MHz in CDCl3
with an internal standard of tetramethylsilane (TMS). F NMR was taken at 400 MHz in
D2O obtained from Cambridge Isotope Laboratory using an internal standard of
trifluroacetic acid-D (99.5 %) from Aldrich. All chemical shifts are reported in ppm as a
down field shift from TMS. FT-IR analysis was done on a Nicolet Nexus 470 FT-IR from
Thermo Electro Corporation. Elemental analysis was provided by Atlanta Microlab, INC.
GC-MS was performed on a Perkin Elmer Clarus 600 Gas Chromatography using a
Perkin Elmer ClarusT Mass Spectrometer, with the following parameters: 250 °C
injection port, He carrier gas, 30 m x 0.25 mm PDMS capillary column.
Synthesis of vinyl, allyl, and fluorine-modified ene-terminated hydrolyzable monomers
Ethylene glycol vinyl ether or 2-allyloxy ethanol was combined with tetraethyl
orthosilicate in a 4:1 stochiometric ratio in a round bottom equipped with a short path
distillation apparatus. The solution was heated to 105 °C and held for 24 hours, while the
ethanol product was removed under a nitrogen stream and collected in a receiving flask.
The reaction was monitored by NMR observing the disappearance of the TEOS CH3
groups at 1.2 . The remaining TEOS was used to determine percent yield. The resulting
clear, colorless viscous liquids were obtained in 92 and 97 % yield for tetrakis(2(vinyloxy)ethyl) orthosilicate and tetrakis(2-(allyloxy)ethyl) orthosilicate, respectively.
Samples were concentrated and used without further purification.
tetrakis(2-(vinyloxy)ethyl) orthosilicate: (FTIR): 3075, 2935, 2859, 1647, 1075
cm-1; 1H-NMR (CDCl3): 6.50 (m, 4H), 4.18 (m, 4H), 4.02 (m, 8H), 4.01 (m, 4H), 3.8 (m,
8H) δ; 13C NMR (CDCl3): 151.77, 86.65, 68.68, 62.26 δ; EA: (experimental) C 50.25, H
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7.72, (theoretical) C 51.04, H 7.50; GC MS parent ion corresponding to trifunctional
monomer decomposition product at 289 m/z.
tetrakis(2-(allyloxy)ethyl) orthosilicate: (FTIR): 3050, 2940, 2884, 1616, 1076
cm-1; 1H-NMR (CDCL3): 5.90 (m, 4H), 5.30 (m, 4H), 5.15 (m, 4H), 4.05 (m, 8H), 3.90
(m, 8H), 3.55 (m, 8H) δ; 13C NMR (CDCL3): 134.91, 116.79, 72.06, 62.86 δ; EA:
(experimental) C 55.31, H 8.56, (theoretical) C 55.50, H 8.30; GC MS parent ion
corresponding to trifunctional monomer decomposition product at 331 m/z.
A slightly modified procedure was used to produce a fluorinated hydrolyzable
monomer, 2,2,3,3,-tetrafluro propyl tris(2-vinyloxy) ethyl orthosilicate. Ethylene glycol
vinyl ether was combined wtih tetraethyl orthosilicate and 2,2,3,3-tetrafluoro-1-propanol
in a 3:1:1 stochiometric ratio in a round bottom equipped with a short path distillation
apparatus. Dried and distilled toluene was added to the solution in an equal volume ratio.
The solution was heated to 85 °C and held for 48 hours, while the toluene/ethanol
azeotrope was removed under a nitrogen stream and collected in a receiving flask.
Remaining toluene was removed under reduced pressure. Product 2,2,3,3,-tetrafluro
propyl tris(2-vinyloxy) ethyl orthosilicate was obtained as a viscous liquid in 88% yield
determined by NMR and used without further purification.
2,2,3,3,-tetrafluro propyl tris(2-vinyloxy) ethyl orthosilicate: (FTIR): 2939, 2890,
1618, 1070 cm-1 ; 1H-NMR (CDCL3): 6.50 (m, 3H), 6.0 (m, 1H) 4.25 (m, 6H), 4.05 (m,
6H), 4.01 (m, 3H), 3.8 (m, 3H) δ; (CDCL3): δ; 13C NMR (CDCL3): 151.67, 112.10,
108.20, 86.80, 68.65, 62.00134 δ; EA: (experimental) C 46.19, H 7.04, F 6.79;
(theoretical) C 42.85, H 5.75; F 18.07; GC parent ion corresponding to trifunctional
monomer decomposition product at 333 m/z.
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To produce the ene-endcapped isocyanate oligomer (iso-ene), a 3-neck, 125-mL,
round-bottom flask was equipped with an addition funnel, water condenser, and a
temperature probe. All glassware was oven dried before use, assembled, and cooled
under nitrogen. Desmodur® N 3600 was titrated separately to yield an equivalent weight
per NCO group of 143 eq. wt., which corrected the commercially supplied information of
183 eq. wt.

A 1:1 ratio of functional groups (NCO vs OH) was maintained. Ethylene

glycol vinyl ether or 2-allyloxy ethanol was dissolved at 50 wt% solids and charged to a
round bottom flask equipped with an addition funnel containing a solution of the
isocyanate also in chloroform at 50 wt%. The dibutyltin dilaurate catalyst was added at
0.1 wt% of total solids to the ethylene glycol vinyl ether solution. The isocyanate
solution was slowly added over 10 minutes, with stirring. Once all isocyanate solution
was added, the reaction was slowly heated to 55 °C, and the reaction progress was
monitored by IR spectroscopy for the disappearance of isocyanate NCO functional group
at 2200 cm-1. Ene-functionalized isocyanates were used as prepared without further
purification.
General procedure for film preparation
The hydrolyzable monomers and iso-ene oligomer were combined with tri-thiol,
in concentrations to maintain a 1:1 stochiometric ratio of functional groups (thiol:ene).
Photoinitiator (Irgacure 651) or thermal initiator (AIBN) was added at 1 wt% solids, and
the resulting mixture was combined in a high shear mixer at 2,000 rpms for 5 minutes.
The 100 % solids sample was drawn on clean aluminum coupons using an eight-path wet
film applicator (Paul N. Gardner C.) on #4. Radiation curing of thin films containing
Irgacure 651 was performed on a Fusion System Corporation Epiq 6000 UV system,
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1.095 W/cm2, and clear colorless films approximately 0.1 mil thick were produced. For
thick thermal cured films using AIBN, 5 g of the 100 % solids sample was poured into a
10 g Teflon release mold and placed in an oven at 65 °C overnight. The resulting films
were smooth, continuous, and easily removed from the Teflon release mold.
Mechanical Characterization, Bulk Tack and Hardness, and Thermal Stability
Film hardness of thin-film samples was characterized using a TA XTplus Texture
Analyzer (Godelming, Surrey, UK). Using compression test mode, the applied force
required to penetrate 10 % of the film thickness with a one inch round probe tip at a
probe insertion speed of 0.1 mm/sec was determined. The amount of UV exposure needed
to ensure proper curing was defined as the plateau onset in bulk hardness verses radiation
dose and held constant for the rest of the investigation. In tack measurements the probe
tip and applied force (determined from hardness data) was held for 10 s, and then the
probe tip was withdrawn at a constant rate from the film of 0.1 mm/s. Force
measurements are recorded as grams per unit time, and the highest force point is recorded
as the peak tack force.
Mechanical analysis was investigated using Differential Scanning Calorimetry
(DSC) on a TA Instruments #2920 Modulated DSC. Glass transitions (Tg) were
monitored and correlated to additive content. Cured films were removed from aluminum
coupons and cut into ~ 5 mg samples for DSC analysis. Samples were monitored over
the temperature range -50 to 100 °C in a heat/cool/heat cycle at 10°C/min. The Tg was
taken from the second heating cycle.
Thermal stability was analyzed by Thermal Gravimetric Analysis (TGA) analyzing
weight changes of the sample with increasing temperature. A Q5000 TGA was used in
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high resolution mode (variable rate) with an initial heating rate of 10 °C/min from room
temperature to 600 °C. All samples were fully cured films and cut into ~5 mg sample
size.
SEM visual analysis and NMR kinetic study
Hydrolysis study was performed on hydrolyzing networks containing the fluorinemodified 2,2,3,3,-tetrafluro propyl tris(2-vinyloxy) ethyl orthosilicate hydrolyzable
group. These 12 g molded puck samples were prepared using the thermal cure
procedures as previously described, maintaining a 1:1 stioichiometric ratio of thiol:ene.
The puck sample was placed into 50 ml deuterated artificial ocean water prepared using
Instant Ocean artificial sea salt following commercial supplier instructions and sealed.
The chamber was placed on a VWR S-500 orbital shaker set to speed 3. One ml aliquots
were removed with time and combined with 50 μl of 0.98 M trifluoroacetic acid solution
as internal standard in D2O.
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F analysis was performed on a 400 MHz NMR, and

integration ratios were based on the 2,2 F peak of 2,2,3,3-tetrafluoro-1-propanol at -126
versus the internal standard at -75 . Concentration of 2,2,3,3-tetrafluoro-1-propanol in
the reaction chamber was extrapolated from a calibration curve produced from varied
concentrations in of 2,2,3,3-tetrafluoro-1-propanol (FOH) with a constant concentration
of trifluoroacetic acid internal standard and analyzing by 19F NMR integrations ratios.
This study was repeated varying fluorinated sample formulations. Total sample mass
was kept constant at 12 g.
Films were prepared for scanning electron microscopy (SEM) using the allyloxy100 formulation prepared for thermal cure with 1.0 wt % AIBN. A sample size of 60 μL
was added to 5x5 MM silica chips from Ted pella and spin coated using a photo-resist
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spinner from headway research inc. at 1,000 rpms for 20 sec. The resulting samples were
thermally cured as previously described. All samples were sputter coated with gold and
analyzed at a 30° angle using an SEM Quanta FEI series 200 FEG with a scanning
electron beam. The remaining films were submerged in water and placed on a VWR S500 orbital shaker set to speed three. Water exposure time was varied, and all samples
were dried under vacuum at ambient temperature for 24 hours before analyzed by SEM.
Results and Discussion
Novel tetra-ene hydrolyzing monomers are prepared as shown in Figure 19, from
the reaction of TEOS and select alkene-containing alcohols (ene-ol), ethylene glycol
vinyl ether or 2-allyloxy ethanol. These tetra-ene monomers are combined with
trimethylolpropane tris(3-mercaptopropionate) (tri-thiol) in a 1:1 molar equivalent of
thiol to ene functional group and polymerized into crosslinked thiol-ene films. The
polymerization methodology is readily amendable to a UV radiation or thermal cure
process using either the radial photoinitiator Irgacure 651 or thermal initiator AIBN
respectively at 1.0 wt %. Representative films and the molecular structure of the tri-thiol
are illustrated in figure 1. For this study thin films are prepared using
photopolymerization techniques, and thick films are prepared using the thermal process.
Regardless of the polymerization technique employed, continuous, clear and colorless
films are produced. Polymerization conditions are optimized using FTIR analysis, by
monitoring the disappearance of the thiol peak at 2600 cm-1 and ene peak at 1600 cm-1, to
ensure that a complete polymerization results and therefore further characterization is
always performed on completely cured films. Prior work on thiol-ene network-forming
reactions has defined the electronic requirements of the ene, and in general ene reactivity
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decreases with decreasing electron density in the C=C. In comparable systems using the
identical thiol, the vinyl monomer is expected to polymerize at a faster rate than the allyl
monomer.25 In this study, no differences in rates are observed in the network forming
reactions. Both systems, allyl and vinyl, produce fast-curing films having high monomer
conversions. Although not a kinetic concern, the choice of one monomer over the other
may allow some minor future tailorability with respect to additional film characteristics
such as monomer solubility.

Figure 19. Synthesis of tetra-ene hydrolyzing organosilicate monomers and preparation
of thiol-ene film using hydrolyzing monomer.
The introduction of urethane oligomer segments into the thiol-ene matrices is
enabled by ene-functionalizing the commercial aliphatic polyisocyanante Desmodur 3600
with the corresponding ene-ol to form hydrolysable monomer (tetra-ene) and enefunctionalized isocyanante (iso-ene) pairs, thereby maintaining similar reaction kinetics
from the combination of enes used in the network forming reactions, shown in Figure 20.
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A series of compositions are prepared, as described in Table 1, by varying the relative
mole % of the tetra-ene versus the iso-ene used in the polymerization process, always
keeping an overall 1:1 molar equivalent of ene to thiol. By convention the samples are
described according to the nature of the ene-ol employed, either vinyl or allyl, followed
by the mole % of the hydrolysable component used. For example, vinyloxy-100
originates from the hydrolysable monomer prepared from the vinyl ene-ol and includes
no (0 mol%) of the urethane modifier.

Figure 20. Preparation of ene-modified urethane oligomer.
Surface properties of each formulation produced in Table 1 are characterized
through film hardness and tack measurements, using a TA XTplus Texture Analyzer. The
hardness and tack measurements, summarized in Table 2, are related in that the hardness
measurement characterizes the force required to penetrate a 1" probe tip 10% into a film
thickness at a controlled rate of decent and the tack measurement describes the force
required to remove the same probe tip at the same rate from the surface after resting. The
values obtained are listed in grams applied to the system to perform the desired action on
the probe tip. All tack and hardness values represent averages of five individual
measurements, and the error was calculated from the largest deviation from the average
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calculated. Networks formed from both vinyl and allyl hydrolysable monomers
demonstrated comparable hardness and tack values, and the incorporation of the
corresponding iso-ene had little effect on the overall hardness and tack of the films. All
formulations had higher than typical hardness values for thiol-ene polymer thermosets
due to the contribution from the organosilicate moiety and are described as having low
tack, which is typical of other thiol-ene films characterized recently by our lab. For
example, the same thiol used in this study when combined in a 1:1 functional group
equivalent with pentaerythritol allyl ether (tri-ene) possesses an average hardness of 72±2
g and tack of 18±2 g, respectively.
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Table 1
Thiol-ene network compositions, describing the relative percents of tetra-ene and
urethane segment used in the overall 1:1 thiol-ene matrix polymer coating

Composition
ID

Mol
%

Hydrolyzable-ene
(tetra-ene)

Mol %

Urethane-ene

vinyloxy-100

100

tetrakis(2-(vinyloxy)ethyl)
orthosilicate

0

2-(vinyloxy)ethylterminated polyisocyanate

vinyloxy-75

75

tetrakis(2-(vinyloxy)ethyl)
orthosilicate

25

2-(vinyloxy)ethylterminated polyisocyanate

vinyloxy-50

50

tetrakis(2-(vinyloxy)ethyl)
orthosilicate

50

2-(vinyloxy)ethylterminated polyisocyanate

allyloxy-100

100

tetrakis(2-(allyloxy)ethyl)
orthosilicate

0

2-(allyloxy)ethylterminated polyisocyanate

allyloxy-75

75

tetrakis(2-(allyloxy)ethyl)
orthosilicate

25

2-(allyloxy)ethylterminated polyisocyanate

allyloxy-50

50

tetrakis(2-(allyloxy)ethyl)
orthosilicate

50

2-(allyloxy)ethylterminated polyisocyanate

The glass transition temperatures (Tg's) of the hydrolysable networks prepared in
Table 1 are obtained using differential scanning calorimetry (DSC) and are also reported
in Table 2. Typical heat/cool/heat cycles are used, and the temperatures listed are
obtained from the second heat. All formulations are characterized by a Tg at
approximately 22-23 °C, resulting from the thiol-ene matrix constituents. The addition of
the iso-ene to the network gave a second Tg around 26-31 °C, representative of the
contribution of the isolated urethane segments. To support that the second Tg was due to
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the addition of the iso-ene, Desmodur N 3600, when capped with methanol and
characterized separately, yields a corresponding Tg of 29 °C.
Table 2
Characterization of film samples for mechanical, thermal, and texture properties

Compositions
Prepared

DSC (Tg)a

TGA (onset)b

Tack Initiald

Hardness
Initialc

vinyloxy-100

23

313

89±5

4±1

vinyloxy-75

22 / 31

311

147±7

4±2

vinyloxy-50

22 / 28

312

133±4

4±0

allyloxy-100

23

341

127±4

25±7

allyloxy-75

22 / 26

337

145±7

5±0

allyloxy-50

23 / 30

330

147±3

5±1

a

TA Instruments 2920 DSC parameters, -50 to 150°C at 10°C/min heat/cool/heat, Tg taken from second heat; bTA Instruments Q5000

TGA parameters, high resolution temperature profile at 10°C/min, onset = temperature corresponding to 10% mass loss after water
loss; cHardness determination, load required to penetrate 10% of film thickness with a 1’’ steel probe tip; dTack determination, load
required to remove the same 1’’ probe tip after holding in contact with the film at 10% film depth for 10 sec.

Thermal stability was analyzed by monitoring weight loss with increasing
temperature using a TA instruments Q5000 Thermal Gravimetric Analysis (TGA). A
representative plot of each hydrolysable sample is shown in Figure 21. Due to the
hygroscopic nature of the films, samples are stored in a desiccator prior to analysis. All
samples were normalized for absorbed water from the atmosphere by subtracting detected
mass loss from room temperature to 100 °C. Onset values were calculated as a 10% mass
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loss from 100 °C and recorded in Table 2. In general, allyloxy systems have higher
degradation onset temperatures by approximately ~20 °C than their vinyloxy
counterparts, and are therefore modestly more thermally stable. However both systems
exhibited high overall thermal stability exhibiting onset values from 311 to 341 °C. The
addition of iso-ene to both allyl and vinyl systems did not negatively impact calculated
thermal degradation onset temperatures. An interesting trend in the hygroscopic
properties of the films is suggested by the TGA data and supported later with additional
experimentation. As the amount of iso-ene in the network is increased, the amount of
water absorbed by the film under controlled conditions increased, as measured by the
amount of mass lost at t < 100 °C. The incorporation of the more polar urethane
segments, which are capable of hydrogen bonding, increases the water uptake of the films
over the same time duration, all else being equal.
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Figure 21. Illustration of thermal stability for all formulations by thermal gravimetric
analysis.71
Ultimately for a hydrolysable film to be successfully employed as a commercial
coating, rates of hydrolysis leading to a determination of both the coating's lifetime and
defining application parameters, such as applied film thickness, are required. Although
seeming simple in statement, obtaining rates (or relative rates) of hydrolysis for the films
produced during this investigation has proven to be a significant undertaking. The
remaining sections of the discussion section review the various approaches that have been
used to investigate the constituent dependent relative rates of hydrolysis for our film
series. Water is a necessary reagent for the hydrolysis process to occur and as suggested
by the initial TGA experiments, chemical composition of the networks will influence the
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rate in which water is absorbed into the film. This work represents the preliminary
characterization of the hydrolysis of our organosilicate-based thiol-ene networks.
A careful balance must be made between the various rate constants involved in a
hydrolytic process. In a simplified diagram, Figure 18, a general description of the
important rate constants and equilibria are described. At the coating surface, water must
diffuse into the coating; Keq H2O defines the mass transport properties of water at the
coating surface. One or more reactions between water molecules and coating network
bonds must occur within the coating, krxns. And finally the products of these reactions
must be released from the coating surface, Keq Products. For a successful hydrolyzing
coating, the rate of hydrolysis (krxns) should be rapid compared to the rate of water
diffusion into the film, thereby water is essentially used as it enters the polymer. This
ensures that film erosion takes place at the surface, resulting in a self-polishing polymer.
Visual inspection of images collected using the scanning electron microscopy
(SEM) technique suggests that there are significant changes in topography of the films at
short exposure times to water which in-part supports surface erosion. An example
coating, allyloxy-100, before and after 48 and 120 hours of water exposure is provided in
Figure 22. Initially one would think that the easiest way to monitor film erosion is to
monitor film thickness as a function of water exposure time. However, since the first
step of the hydrolytic process involves water uptake of the films, the films are not
initially dimensionally stable and show a slight increase in film thickness simultaneous
with the changes in topography observed. Moreover, the initial uptake of water into the
film is expected to alter the surface properties, and a brief investigation into the time
dependent surface property changes when exposed to a humid environment ensued.
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Figure 22. SEM images of allyloxy-100 thiol-ene hydrolyzing film varying water
exposure from a no water exposure on left, 2 days exposure (middle), and 5 days water
exposure on right all taken on a 100 μm scale.71
Initial changes in film hardness (changes in surface characteristics) were
monitored for all six network compositions shown in Table 1, while samples were
exposed to a constant 50% relative humidity (RH) environment. Hardness data obtained
over 24 hours of humidity exposure is shown in Figure 23. Since the chemistry of the
hydrolysis reaction is the same in all samples, the change in film hardness is proportional
to the rate of water uptake of the film and the resulting rate of film hydrolysis, not
specifying bulk or surface erosion. Using this indirect assessment of the relative rates of
hydrolysis among the series, there were no significant changes between the allyl and
vinyl-based compositions. However, the addition of the iso-ene greatly impacted the
rate of water uptake by the sample, leading to drastic changes in film hardness with time.
This analysis reinforces the TGA conclusions that the addition of the urethane segments
creates a more hydrophilic network through hydrogen bonding among water and polar
functional groups within the polymer. However, increasing the amount of iso-ene from
25-50 mol % had no additional effect on the rate of hydrolysis. The dramatic differences
in water uptake demonstrated by this series of films suggest the ability to tailor Keq H2O
through the incorporation of polar segments for desired applications.
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Figure 23. Change in 0.1 mm thick film hardness with time when placed in a 50% RH
chamber.71
A water absorption investigation was performed on allyloxy-100 by analyzing the
samples weight change with time when exposed to 100% relative humidity. The sample
was periodically removed from the humidity chamber for a short period of time while the
sample’s weight was analyzed and quickly returned back into the humidity chamber. All
data collected is illustrated in Figure 24. The sample’s weight gain was attributed to
absorbed water into the matrix of the sample as well as water absorption on the surface of
the film. Within minutes the sample began taking up water as indicated by the increased
mass of the sample. Similar to the indirect kinetic study analyzing film hardness with
time, there was no visual change the appearance of the sample during initial testing.
However analysis using both mass and hardness reveals immediate changes taking place
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once exposed to moist conditions. In both investigations samples were shown to have a
lifetime after which mechanical integrity is compromised and the sample is deemed fully
hydrolyzed. Mass analysis revealed the sample is capable of absorbing 25 % of its own
mass in water before the coatings lifetime is reached after which the sample has a liquid
flowing appearance. During the duration of the study the sample remained clear and
colorless showing promise for applications when optical clarity is necessary. This
knowledge will be instrumental when developing coating thickness for a desired lifetime
of the network.
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Figure 24. Analysis of water absorption of allyloxy-100 when exposed to 100% relative
humidity.
Although the indirect assessment offered by the film hardness study and mass
analysis suggests that the rate of water uptake, Keq H2O, is tunable in the thiol-ene
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hydrolyzing networks by changing the molecular functionality of the constituents, no
direct rate of hydrolysis was measured. A well-known kinetic model exists for the
quantitative comparison among polymer networks used for the controlled-release/drugdelivery applications of pharmaceuticals. The theoretical model, referred to as the
Higuchi model, accounts for the relative water permeability of the networks and the
concentrations, solubility, and diffusion of agents in the network. The common
representation of the time-dependent model is provided as Equation 3, where Q is defined
as the amount of compound released and KH is the Higuchi dissolution constant.

Equation 3. Theoretical Higuchi model
As another means to explore the hydrolysis rates of our thiol-ene networks, a new
series of networks were prepared containing a modified fluorinated hydrolysable
monomer, which could be detected by 19F NMR. Table 3 describes the series, which
consisted of 2 distinct model systems: fluorinated networks and fluorinated blends. In the
blends, the fluorinated alcohol 2,2,3,3-tetrafluoro-1-propanol was added to the existing
thiol-ene networks as an additive; in these samples there exists no chemical bond
between the fluorinated additive and the thiol-ene network. These samples are given the
identifier "blend" in the sample name, and the concentration of fluorinated additive is
varied among the series to match the concentration present in the analogous network
samples. In the networks, a new hydrolysable monomer was prepared according to
Figure 25 in which one leg of the silicate is substituted with the fluorinated oxy group. A
small change in network density of these samples is expected upon polymerization, as the
functionality of the hydrolysable monomer is altered from F4 to F3. Since no detectable
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difference in polymerization rate is observed between the vinyl and allyl monomers, only
vinyl monomers are investigated by 19F NMR and no allyl systems were explored.

Figure 25. Synthetic pathway of tri functional vinyloxy-100 containing fluorinated
modified segment.71
In order to quantitatively analyze the amount of fluorinated material diffusing out
of the modified hydrolyzing samples into solution a 19F NMR investigation was
developed analyzing peak integration ratios of an internal standard against the fluorinated
alcohol. The amount of fluorinated alcohol was varied to analyze the relation between
alcohol concentration and the internal standard of trifluroacetic acid-D. All samples were
analyzed on a 400 mHz NMR. An example 19F NMR spectrum obtained is shown in
Figure 26.
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Figure 26. Example NMR used in hydrolysis kinetic study analyzing peak integration of
2,2,-3,3 tetra fluro propanol with internal standard.
By varying the concentration of fluorinated alcohol and keeping the internal
standard of trifluroacetic acid-D constant a calibration curve was prepared. A linear
relationship developed between the internal standard and alcohol allowing for an accurate
analysis of the calibration. The resulting slope obtained was y=0.0548x and had R2 value
of 0.9975 allowing for reliable quantitative analysis of fluorinated material in the sample
solution. The calibration curve is illustrated in Figure 27.
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Figure 27. Calibration plot using FOH and tri-fluro acetic acid analyzed by NMR.
Networks are prepared as previously described and uniform 12 g thiol-ene
network molded puck samples, containing various amounts of fluorinated material as
listed in Table 3, are submersed in deuterated water for analysis by NMR. The
increasing concentration of the fluorinated alcohol present in the solvent is monitored
versus time, using integrated NMR peak areas of the downfield F signal at -126 δ against
an internal standard, converted to concentrations using the calibration curve shown in
Figure 27, and plotted against reaction time. A sample concentration profile is provided
in Figure 28.
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Figure 28. Change in concentration of 2,2,3,3-tetrafluoro-1-propanol with time for
vinyloxy-100 FOH blend, obtained from 19F analysis of samples in D2O.71
Figure 29(a,b) illustrates a comparison among the initial rates obtained from the
concentration versus time plots for each of the six fluorine-modified systems as well as
presents the plots for the Higuchi treatment on the same. Appearance of 2,2,3,3tetrafluoro-1-propanol is faster in blended samples (Table 3, entries 4-6) the observed
reaction kinetics are found to fit the Higuchi model with excellent correlation
coefficients, as expected since the system is described well by a molecule trapped within
a polymer matrix that must diffuse out. The Higuchi model does not account for any
chemical reactions that must occur in the film before a species may diffuse out of the
matrix, and therefore the fluorinated network samples (Table 3, entries 1-3) are expect to
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deviate from this model according to the rates of the chemical reactions that must occur
during hydrolysis.
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Figure 29. Comparison among the initial rates obtained (a) the concentration versus time
plots for each of the six fluorine-modified systems; (b) representative plots of initial rates
of hydrolysis analyzed by the Higuchi treatment.71
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All initial rates of hydrolysis were analyzed by a zero order, first ordered and
Higuchi treatment, and are listed in Table 3. Samples 1-3 contained a fluorinated alcohol
that was chemically bound to the network requiring hydrolytically unstable bonds to be
broken before the fluorinated material could be released to the solution. Based on the 3
kinetic treatments studied, formulations 1-3 showed kinetic trends most consistent with
zero ordered kinetics. Due to the complex nature of this hydrolyzing reaction further
studies will have to be preformed to better understand this reaction that the
pharmaceutical industry has yet to properly understand. Formulations prepared for direct
kinetic analysis exhibited consistent results with pervious indirect kinetic methods by
showing an increased rate of hydrolysis for formulations containing the enefunctionalized isocyanante oligomer.
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Table 3
Analysis of kinetic rates for fluorine modified systems

Sample namea

Zero order
k
r2

First order
k
r2

Higuchi
KH

2

r

Quantity
FOH in
sample (g) b

(1) Vinyloxy-F

0.0004 0.98

0.015

0.8

0.007

0.97

2.09

(2) ½ Vinyloxy-F

0.0001 0.92

0.018

0.92

0.002

0.86

1.05

(3) Vinyloxy-F-75

0.0003 0.99

0.039

0.93

0.003

0.94

1.19

(4)Vinyloxy-100FOH
blend

0.0008 0.99

0.020

0.97

0.010

0.97

2.10

(5)Vinyloxy-100½FOH
blend

0.0002 0.99

0.010

0.89

0.003

0.99

1.05

(6) Vinyloxy-75 FOH
blend

0.0030 0.97

0.160

0.82

0.010

0.99

2.10

a

First 3 entries (1-3) are fluorinated-modified networks, vinyloxy-F denotes the hydrolyzable monomer modified to contain 1

fluorinated hydrolyzable group and 3 ene groups for network formation, an F3 monomer; the remaining 2 network samples contain
mixtures of ene-monomers, Vinyloxy-F was added to tetrafunctional vinyloxy-100 to create (2) ½ vinyloxy-F, allowing the sample to
contain half the amount of fluorinated material, and finally (3) ene modified urethane segment was added at 25 wt %; last 3 entries are
blends (4-6), 2,2,3,3-tetrafluoro-1-propanol is added to vinyloxy-100 vinyloxy-75 formulations to create uncrosslinked blend
compositions for comparison; bformulations were varied to produce several concentrations of fluorinated samples, so comparisons
could be drawn. The amount of fluorinated material in the total 12 gram molded puck sample is provided in g.71

Conclusion
All hydrolysable moieties and ene functionalized isocyantaes were successfully
prepared and characterized by NMR and FT-IR respectively. Multiple formulations were
prepared varying the reactivity of the hydrolysable group and the percent contribution of
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the iso-ene. Each was reduced to films and characterized by DSC, TGA, hardness, tack,
as well as qualitative and quantitative rates of hydrolysis. The addition of iso-ene to the
network created a second Tg that is characteristic of the isocyanate alone, but did not
change the original Tg of the network. All formulations showed overall high thermal
stability with allyloxy formulations being slightly more thermally stable than vinyloxy
samples. TGA data suggested an increase in water absorption for formulations containing
the iso-ene oligomer. Indirect rates of hydrolysis agreed with this finding by showing a
dramatic increase in the rate of water adsorption by hardness testing. Increasing the
amount of ene functionalized isocyanates had no additional effect on the rate of
hydrolysis. Direct rates of hydrolysis supported the finding of the iso-ene introduction to
the network increasing the rate of water absorption by showing an increased rate of
hydrolysis monitored by 19F NMR. SEM was also utilized for visual analysis of
morphological changes in the films surface upon hydrolysis showing dramatic changes in
surface structure after short times of water exposure leading us to believe the system is
eroding at the surface. This phenomenon may be contributed to the additional hydrogen
bonding brought to the film with the addition of the ene functionalized isocyanate
allowing an increased rate of water absorption.
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CHAPTER III
PREPARATION OF ENE-TERMINATED BIOCIDAL MOIETIES AND THEIR
EFFECT ON FILM FORMULATION AS A SELF-DECONTAMINATING COATING
Abstract
Successful anti-fouling coatings have been developed by incorporating toxic
metals into a coating that will diffuse out the matrix and kill potential fouling organisms
in the surrounding environment. Quaternary ammonium compounds (QAC) were
investigated as an environmentally friendly alternative to toxic metals coatings by
incorporating them into a co-continous interpenetrating network. A series of diallyl
QACs was synthesized by varying the length of the alkyl chain by 8, 10, 14, and 16
carbons. Each QAC was treated as a homopolymer additive and polymerized in the
presence of commercially available thiol and ene compounds. All QACs and film
formulations showed high biocidal activity resulting in a highly efficient selfdecontaminating coating. All films were characterized by standard techniques for surface
analysis by bulk tack texture analyzer, physical properties by differential scanning
calorimetry (DSC), and thermal properties by thermal gravimetric analysis (TGA). Each
coating exhibited adequate hardness values, low glass transition temperatures indicative
of thiol-ene systems, high thermal stability, and relatively low tack values. Although tack
was low for all formulations the introduction of the QAC to the thiol-ene matrix
suggested an intimate relationship between each QAC and the thiol-ene matrix at the
coating air interface. This was further investigated by atomic force microscopy (AFM)
focusing on morphology characteristics. Height and phase images revealed a phase
separated material with surface morphologies directly affected by QAC composition.
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Introduction
Quaternary ammonium compounds (QAC) may be the solution for antifouling
coatings. They have been in use as a cationic disinfectant for half a century due to their
high biocidal activity for a wide spectrum of biological species at minimal
concentrations. QAC’s can also be easily tailored for desired functionality and alkyl
chain length through addition chemistry. Varying the functionality allows QACs to be
crosslinked into non leaching biocide films which have shown high biocidal activity for a
wide range of microorganisms, molds, and yeast.74 QAC polymer surfaces created a
strong electrostatic interaction with negatively charged bacteria. Once the bacteria are
adhered to the surface the QACs use their alkyl chain to diffuse through the bacteria’s
cell wall and disrupt the cytoplasmic membrane causing the bacteria to die.79 Alkyl chain
length plays a critical role in biocidal activity of the QACs. It has been shown that alkyl
chain lengths longer the C8 have increased biocidal activity79 showing great promise for
the application of anti-fouling coatings.
Antifouling coatings have been under great scrutiny for possible adverse effects
they may have on the marine environment, specifically coatings containing biocides. In
the past biocides used in antifouling applications have been highly toxic with long half
lives in the ocean. Also, biocides previously used contained elements that could only be
found in the ocean at trace concentrations, making their addition from an antifouling
coating an extreme change to the sea. QACs may be a viable solution to toxic biocides
while still maintaining antifouling properties. The addition of QACs to a marine coating
would expose carbon, hydrogen, and nitrogen to the marine environment all of which are
essential elements to life in the ocean. Each element has been studied for its interactions
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and contributions to life in the sea. Nitrogen, in particular has been found to play a crucial
role in marine life through a series of reactions in which each one contributes energy and
nutrients to different organisms.
Nitrogen can be found in multiple oxidation states and compounds in seawater
making each variation important to the balance of life in the ocean. Nitrogen serves as an
important nutrient to life in the sea for both plant and animal existents and can be found
throughout the water column even in oxygen minimum zones.75 The concentration of
each form of nitrogen varies throughout the water column but generally nitrogen
concentration is highest in surface waters. Each form of nitrogen plays in important role
in supplying energy to plants and animals through chemical reactions that take place in
seawater.75 Figure 30 illustrates the balance of reactions by each compound being
indirectly linked to each other through a series of reactions.
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Figure 30. Illustrates possible nitrogen reactions that take place in sea water.75
Positively charged nitrogen compounds are both consumed and produced in the
ocean through various reactions. Nitrifying bacteria use reduced nitrogen as a food source
through a nitrification reaction. When oxygen is present in sea water nitrogen is
consumed by an oxidation reaction and energy is yielded to the bacteria. When oxygen is
absent in sea water and an anoxia environment is created and bacteria can use a
dinitrification reaction in order to convert nitrogen to energy. Nitrification and
dinitrification have a delicate balance together. When nitrification uses all the available
oxygen an anoxic environment is created. Dinitrification can continue to reduce nitrate to
dinitrogen gas in the absence of oxygen.78 However, when ammonia is present oxygen is
needed in order to reduce ammonia to nitrate and fuel dinitrification. The two reactions
can be coupled together by bubbling oxygen into the system thus both reactions can work
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together and ammonia is able to be fully reduced to dinitrogen gas. This is particularly
applicable for the build-up of animal excretions such as swine lagoons. The coupling of
these two reactions has many factors that contribute to the success of full oxidation of
waste.77 These differences in rates can be accredited to the concentration of dissolved
oxygen, organic matter and volatile fatty acid concentrations, temperature and pH both
contribute to the success of each oxidizing bacteria.77 Cesar Mota et al. investigated the
effects of aeration time on anaerobic oxidizing bacteria and nitrite oxidizing bacteria
populations by setting up five reactors in parallel with aeration time varying from 30
minutes to 4 hours. The reactors with the lower amounts of aeration time had the highest
concentrations of nitrite oxidizing bacteria and the reactors with the greatest aeration time
had the highest amounts of anaerobic oxidizing bacteria showing a great reaction
dependence on the amount of dissolved oxygen. Nitrite oxidizing bacteria were more
sensitive during periods of non-aeration than anaerobic oxidizing bacteria as expected.
The amount of oxygen added to the system can control the level of oxidation of ammonia
to partially nitrification or fully oxidation to dinitrogen gas.77
Dinitrogen gas can be lost to the atmosphere or it can go through nitrogen fixation
reaction where the nitrogen-nitrogen triple bond is broken and reduced nitrogen is
produced. This reaction requires are great amount of energy to proceed and usually takes
place in blue green algae. This form of algae requires a great amount of iron making an
interesting link between atmospheric dust and nitrogen fixation.74 Figure 31 illustrates the
role iron input through impacts nitrogen fixation which in turn impacts carbon dioxide
levels.
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Figure 31. An illustration showing a need for balance between nitrogen fixation,
atmospheric dust, and carbon dioxide levels to balance the climate.75
Current research shows dinitrification is not the only reaction capable of taking
place in the oxygen minimum zone. Anammox is an anaerobic pathway capable of
oxidizing ammonia by nitrite yielding dinitrogen gas, water, and energy. The anammox
pathway is also a reaction where dinitrogen gas can be lost to the atmosphere. Oxidation
of ammonia can play a key role in the loss of dinitrogen gas to the environment where
past research thought dinitrification was the main pathway.76 Analysis has actually shown
anammox to be the dominate pathway over dinitrification in the Peruvian oxygen
minimum zone. Further research is needed to confirm if this is true for other anaerobic
environments.81
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Phytoplankton also has ability to consume not just positively charged nitrogen but
other inorganic forms of nitrogen by taking the nutrient into their cell as a source of
energy. The input and output of inorganic nitrogen must balance each other in order to
sustain all forms of life that require different forms of nitrogen. Many reactions produced
inorganic nitrogen. The simplest possibly being nitrogen excretions by living organisms.
Anthropogenic nitrogen input has been an area of great research in oceanographic
studies over the years largely due to farming and urban development. Nitrogen containing
fertilizer has been used to saturate farm grounds in efforts to maximize food production.
Drainage from the farm land creates fluxes of nitrogen input into coastal areas.
Specifically the USA Midwest where vast areas of land are dedicated to corn production
NO3- N input concentrations are > 10 mg N L-1.73 Fertilizer use has created concern for
the production of N2O to the atmosphere through dinitrification pathway of the
fertilizer.70 From 1945 to 1985 the sale of nitrogen containing fertilizer has increased
almost 20 times in the US as shown in Figure 32 with the maximum sale of fertilizer in
the gigagrams occurring in 1981.70
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Figure 32. Sales of nitrogen fertilizer in the U.S. in millions of kilograms per year from
1945-1985.70
Large amounts of fertilizer used end up being washed into rivers ultimately
ending in seawater. The use of QAC’s in antifouling coatings would add a negligible
amount of nitrogen to the ocean in comparison to the amount of nitrogen that is added
from fertilizer alone. Developing a successful anti-fouling coating would save energy
consumption during cleaning perhaps positively impact the environment and ocean life.
Understanding how QAC’s react with the ocean is important to ensuring an
environmentally safe coating coatings degrade with time. How the coating degrades
needs to be thoroughly analyzed to ensure each respective component is safely integrated
into the sea. Mass spectrometry (MS) is a powerful resource for analytical investigation
of samples by analysis of charged molecular weight ratio. Compounds will show up as
their parent ion or total molecular weight plus a charged ion. Mass spec mass spec can
then be used to show how the parent ion fragments by using laser induced ionization on
the parent ion. Once decomposition patterns are identified biocides can be analyzed for
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possible interactions with sea water as a whole and as each part fragments ensuring the
safety and balance of life in the sea through the lifetime of the biocidal coating. For
QAC’s the alkyl chain is easily lost leaving carbon and NH3. Figure 2 shows the multiple
pathways nitrogen takes in the ocean as NH3 and other forms to retain a balance of
oxidation states in sea water.
Nitrogen is an extremely important limiting nutrient for marine and plant life
capable of keeping a balance between its many oxidation states through a harmonious
series of reactions all while supplying many life forms energy. Anthropogenic input of
nitrogen has greatly increased over the last hundred years. The amount of nitrogen
needed for an anti-fouling coating would be a negligible addition to the levels that are
currently in use. As with any marine coating decomposition is likely and mass
spectrometry is a powerful technique for monitoring the composition of the coating with
time by evaluating fragmentation patterns. Merging the knowledge of marine chemistry
and polymer chemistry could result in a thoughtful and creative solution for the
development of antifouling coatings by thoroughly understanding nitrogen chemistry as a
marine and polymer chemist.
Quaternary ammonium compounds have been widely investigated for its cationic
disinfectant properties. Current work has analyzed biocidal properties of QACs when
incorporated in to coatings. M. B. Harney et al studied the use of QACs as coating
additive at 1 wt. % biocide loading in polyurethane resins.82 They found a slight
difference in biocidal activity when changes in alkyl chain length of the QAC were made.
QAC containing alkyl chain length of 6 was more effective against killing gram positive
S. aureus bacteria while QAC with an alkyl chain length of 8 was more effective against
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killing gram negative bacteria E. coli.82 Concern has been raised with the possible
distribution of biocide additives in coatings suggesting their biocidal activity may be
impeded if their distribution is not concentrated at the surface. M. B. Harney’s study of
QACs in polyurethane analyzed the coatings by XPS revealing a QAC concentration at
the air coating interface which they contribute to the difference in the hydrophobic
properties of the alkyl chain and the hydrophilic properties of the polyurethane resin.82
The success of QACs in coatings has generated excitement in the areas of antifouling and
antimicrobial fields.83 However, there is still concern of possible biocidal leaching that
may come with biocides as additives in a matrix.
Tethered biocides have been investigated as a way of crosslinking a biocide in a
coating to eliminate the possibility of leaching while maintaining biocidal activity.84 S.
Ye looked at improving a poly dimethylsiloxane matrix well known for its foul release
applications by adding a crosslinked QAC to the matrix. Siloxanes create hydrophobic
coatings and have been shown to concentrate at the surface.84 Ye et. al. used sum
frequency generation spectroscopy to analyze the coating air interface for the presence of
QACs with and without water exposure. QACs were found at the coating surface when
incorporated in the formulation at 8.5 wt. % or more.84 In addition to analyzing the
coating surface interface QAC efficiency was evaluated by varying the length of two
alkyl chains ranging from 3 carbons to 18 carbons.84 The formulations that showed a
concentration of QAC at the surface and contained one alkyl chain greater than 10
carbons long and a second alkyl chain length 3 carbons or less coatings also showed the
highest antimicrobial activity.84
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Alkyl chain length has also shown to play a key role in biocidal activity in Pant’s
et. al. research in which QACs were crosslinked into a network.85 Polydimethylsiloxane
epoxy polymer was created with crosslinked QAC containing a range of alkyl chain
lengths from 2-8. Alkyl chain length of 8 was found to exhibit the highest biocidal
activity of 99.9% bacterial reduction against gram positive bacteria and 99% reduction of
gram negative bacteria.85 Do to the hydrophobic nature of the siloxane epoxy polymer the
biocidal films were also found to be amphiphilic in nature.85
Research has shown coatings exhibiting amphiphilic properties resulting in phase
segregation leads to reduction of protein absorption,86 making amphiphilic coatings a
desirable pathway to investigate for antifouling research. QACs are one convenient way
to incorporate biocidal properties into a coating along with hydrophilic properties.86
Amphiphilic character can then be created by using a hydrophobic matrix or monomer.
We took advantage of QACs by synthesizing biocides with OH functionality, and
terminal ene groups allowing us to explore the film properties for both a urethane, and a
thiol-ene film. Biocidal activity was analyzed in solution and in film for OH and ene
terminated biocides varying an alkyl chain length from 6-18 carbons in length. Coatings
were also analyzed for mechanical, physical, thermal, and surface properties.
Materials and Methods
Materials
Unless otherwise noted, materials were used as received. trimethylolpropane
tris(3-mercaptopropionate) (tri-thiol, 96-99 %), pentaerythritol allyl ether technical grade
70% (tri-ene), petroleum ether, 2-2’-azobis(2-methylpropoionitrate) (98 %), 2,2’azobisiso butlyronitrile (ABIN 98%), were obtained from Aldrich. Irgacure 651 was
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obtained from Ciba Specialty Chemicals. Chloroform and toluene were obtained from
Fischer and distilled just prior to use. Absolute ethanol 200 proof was purchased from
Decon laboratory, dried with calcium hydride and distilled before use. 1H and 13C NMR
were taken at 400 MHz in CDCl3 with an internal standard of tetramethylsilane (TMS).
All chemical shifts are reported in ppm as a down field shift from TMS. FT-IR analysis
was done on a Nicolet Nexus 470 FT-IR from Thermo Electro Corporation. Elemental
analysis was provided by Atlanta Microlab, INC. All bacteria were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). Staphylococcus aureus
(ATCC 25923) and Escherichia coli (ATCC 11229) were used for bacterial Grampositive and Gram-negative challenges, respectively. Luria-Bertani (LB) broth (Difco
Laboratories, Detroit, MI) was used as a bacterial growth medium for preparation of
bacteria for all bacterial challenges. Letheen broth (Difco Laboratories, Detroit, MI) was
used as a dilution media post-challenge due to its ability to deactivate QASs.
Synthesis of Allyl Terminated Biocide 3a-d
A 3 neck 50 mL round bottom was equipped with a reflux condenser, and thermal
couple, and a positive flow of nitrogen. 30 mmol equivalents mol of diallylmethylamine
and bromoalkane were added to 15 mL of absolute ethanol. The solution was refluxed for
24 hours. The resulting solution was allowed to cool to room temperature under nitrogen
before being concentrated. The resulting viscous, clear, yellow liquid solution was
purified by two titration steps using 3 mL petroleum ether. The product was separated
from the solvent by freezing to -15°C between titrations. Trace solvent was removed
under vacuum while stirring. The procedure was repeated varying the bromoalkane using
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bromooctane, and bromodecane. NMR was performed to confirm success of synthesis
and calculate percent contaminate.
General Procedure for Film Preparation for 6 and 6a-d
Tri-thiol and tri-ene were mixed in a 1:1 stochiometric ratio of functional groups
(thiol:ene). Diallyl terminated biocide was added to the thiol-ene mixture at 10 wt. %.
Photoinitiator (Irgacure 651) or thermal initiator (AIBN) was added at 1 wt. % solids, and
the resulting mixture was combined in a high shear mixer at 2,000 rpms for 5 minutes.
The 100 % solids sample was drawn on clean aluminum coupons using an eight-path wet
film applicator (Paul N. Gardner C.) on #6. Radiation curing of thin films containing
Irgacure 651 was performed on a Fusion System Corporation Epiq 6000 UV system,
1.095 W/cm2, and clear slightly yellow films 0.1 mil thick were produced. For thick
thermal cured films using AIBN, 5 g of the 100 % solids sample was poured into a 10 g
Teflon release mold and placed in an oven at 65 °C for 3 hours. The resulting films were
smooth, continuous, and easily removed from the Teflon release mold.
Film Preparation for AFM Analysis
Tri-thiol and tri-ene were mixed in a 1:1 stochiometric ratio of functional groups
(thiol:ene). Diallyl terminated biocide was added to the thiol-ene mixture at 10 wt%
along with 1 wt% photoinitiator, Irgacure 651. Toluene was added to the resulting
mixture yielding 33 wt% solids, and the solution was mixed in a high shear mixer at 2000
rpm for 5 minutes. Films were formed on 5x5 mm silicon chip, cleansed in Pirhana
solution for 20 minutes and followed by thorough rinsing with DI water. 30 µL of blend
solution was spin coated for 20 seconds at 1000 rpm using a photoresist spinner from
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Headway Research. The sample was radiation cured at 254 nm for 5 minutes and allowed
to dry under vacuum overnight before analysis.
Mechanical Analysis By Differential Scanning Calorimetry
Mechanical analysis was investigated using Differential Scanning Calorimetry
(DSC) on a TA Instruments #2920 Modulated DSC. Glass transitions (Tg) were
monitored and correlated to additive content. Cured films were removed from aluminum
coupons and cut into ~ 5 mg samples for DSC analysis. Samples were monitored over
the temperature range -50 to 100 °C in a heat/cool/heat cycle at 10°C/min. The Tg was
taken from the second heating cycle.
Gel Fraction
Gel fraction analysis was performed on fully cured samples. A 1 gram sample was
placed in chloroform overnight. After which the sample was recovered and dried under
vacuum to remove excess solvent. All samples were weighed before and after chloroform
exposure and final weight reported as a percent remaining.
Thermal Gravimetric Analysis
Thermal stability was analyzed by Thermal Gravimetric Analysis (TGA)
analyzing weight changes of the sample with increasing temperature. A Q5000 TGA was
used in high resolution mode (variable rate) with an initial heating rate of 10 °C/min from
room temperature to 600 °C. All samples were fully cured films and cut into ~5 mg
sample size.
Bulk Tack Analysis, Hardness and Tack
Film hardness was characterized of thin films using a TA XTplus Texture
Analyzer (Godelming, Surrey, UK). Using compression test mode, the applied force
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required to penetrate 10 % of the film thickness with a one inch round probe tip at a
probe insertion speed of 0.1 mm/sec was determined. The amount of UV exposure
needed to ensure proper curing was defined as the plateau onset in bulk hardness verses
radiation dose and held constant for the rest of the investigation. In tack measurements
the probe tip and applied force (determined from hardness data) was held for 10 s, and
then the probe tip was withdrawn at a constant rate from the film of 0.1 mm/s. Force
measurements are recorded as grams per unit time, and the highest force point is recorded
as the peak tack force.
Contact Angle
Water contact angles were measured at 24 ºC using a VCA 2500-AST
goniometer, equipped with a light source and camera. Water drops of 5 µL were
deposited on each sample, and static contact angles calculated. Contact angle was taken
of the right and left side of each drop. All samples were analyzed in three different spots
and reported as an average of the three measurements. All measurements were found to
be equal within experimental error.
AFM analysis
AFM studies on these samples with varying alkyl chain length of the biocide were
conducted on a Multimode scanning probe microscope from Digital Instruments (Santa
Barbara, CA). A silicon probe with a 225 m long silicon cantilever from Nanosensors (
Switzerland), nominal force constant within 21-98 N/m, and resonance frequency of 169
kHz was used for surface topography studies in tapping mode. AFM imaging was
conducted under ambient conditions in a temperature (22°C) and humidity (40-45%)
controlled room. Surface topographies of film samples were studied at different scan
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sizes at image resolution of 512 X 512 pixels and scan rate of 0.5 Hz. Samples were
probed at several locations across the surface and representative micrographs are
presented. Image processing and analysis were performed using Nanoscope version 5.30
r2 image analysis software to determine the domain sizes, root mean square (Rrms) and
average roughness (Ra)values reported. Domain sizes were determined from the phase
images. Image processing was limited to data leveling by plane subtraction and the
correction of scan line artifacts.
Bacterial Challenge
Bacteria were grown at 37 °C. Log phase cells were harvested by centrifugation,
counted on a hemocytometer using bright field microscopy, pelleted by centrifugation at
4000 xg for 10 min, and resuspended in a PBS at a concentration of 1 x 109 CFU/mL. To
prevent desiccation of the bacteria during testing, a hydration chamber was prepared.
The chamber consisted of a sterile 3 x 3 in gauze pad placed in the bottom of a sterile 150
x 15 mm Petri dish. The gauze pad was saturated with 3 mL of sterile water and the test
samples placed on top. A 10 µL aliquot containing 1 x 107 bacteria was added to each
test coating (~300 mm2), and then placed in a hydration chamber at room temperature.
After 2 hr of incubation, the remaining bacteria were recovered by placing the coating in
a tube containing 5 mL sterile Letheen media, followed by 30 sec of vortexing. Serial
dilutions were carried out, and incubated for 18 hr at 37 °C with agitation. Following
incubation, the cultures were examined for the presence of turbidity, indicating bacterial
growth. Each coating was tested in triplicate. Log kill was determined by the following:
Log kill = 7 - highest dilution exhibiting bacterial growth. All bacterial challenge
procedures were conducted using standard aseptic techniques in a BSL-2 hood.
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An aliquot of 107 CFU bacteria were added to 1 cm2 area of each test sample.
The bacteria were exposed at room temperature for 2 h. The coatings were then swabbed
with a sterile cotton swab, which was then placed in 5 mL of Letheen broth with the aid
of a vortexer. The broth was then serially diluted seven times. The dilutions were
incubated at 37 ºC for 18 h, visually examined, and determined to have growth by the
presence of turbidity. Log kill was determined by the following formula: 7 - highest
dilution exhibiting bacterial growth = Log kill.
1.8 Rate of Polymerization Analysis
A perkin elmer FT-IR 1000 was used with a custom heating mantle from Pike
Technologies. Formulations were prepared as described in section 1.3 using a thermal
initiator AIBN. NaCl salt plates were used to hold 60 µL of formulation to be analyzed.
An initial spectrum was taken at room temperature to define the intensities of functional
group peaks at 1645 cm-1 (C=C) and 2597 cm-1 at (S-H) after which the sample was
heated to 65 °C and held constant for the duration of the study. A spectrum was taken
every 2 minutes and the intensity at 1645 cm-1 and 2597 cm-1 was analyzed and reported
as a percent conversion based on the initial intensity. All formulations were analyzed for
the initial rate of polymerization by testing 3 times and calculating an average rate and
standard deviation. QAC C-16 could not be accurately tested do to its increased
molecular weight and skewed baseline observed in the spectra.
Results and Discussion
A series of quaternary ammonium compounds were prepared by an addition
reaction using diallyl methyl amine and a bromo-alkane in a 1:1 molar ratio as shown in
Figure 33. The reagents were refluxed in ethanol and the methyl group was monitored by
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1

H-NMR for a proton shift indicative of product formation. The biocides synthesized

formed thermodynamically stable cyclic rings upon radical homo-polymerization using a
photo or thermal radical initiator.

2

1

3a-d

6 a-d

Figure 33. Synthetic scheme of diallyl quaternary ammonium compound (QAC) where R
ranges form a-8,b-10,c-14, and d-16.
Thiol-ene films were prepared as a means of network forming bonds using
trimethylolpropane tris(3-mercaptopropionate) (tri-thiol) and pentaerythritol allyl ether
(tri-ene) in a 1:1 stiochiometric ratio capable of polymerization in the presence of a 10 wt
% QAC additive, illustrated in Figure 34. This reaction is amendable to both photo and
thermal polymerizations using initiators Irgacure 651 or 2,2’-azobisiso butlyronitrile
(AIBN) respectively. FT-IR analysis was used to optimize polymerization conditions of
all samples by monitoring the disappearance of the thiol peak at 2597 cm-1 and ene peak
at 1645 cm-1 deeming films fully cured. Regardless of the formulation all films were
clear, continuous, and slightly yellow in color.
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33a-d
a-d

5

4

6 a-d

6

Figure 34. Polymerization pathway thiol-ene reaction in the presence of homopolymerization of QAC where 3-5 represent un-reacted monomer and 6a-d illustrates
resulting coating; 6 denotes thiol-ene sample containing no QAC moiety.
All quaternary ammonium compounds prepared (3a-d) were tested for biocidal
activity in solution using a standard minimum inhibitory concentration (MIC) test which
defines biocidal activity as the minimum concentration needed to visually inhibit
bacterial growth. A 24 hour incubation period was used to analyze each QAC’s biocidal
activity against S. aurus and E. coli. There has been a literature precedence showing the
longer the alkyl chain on a QAC the higher the biocidal activity.47 Our results reflect this
trend showing an order of magnitude increase in biocidal activity going from QAC 3a to
3b, which reflects an increase in alkyl chain of 2 carbons as well as from 3b to 3c which
shows a 4 carbon increase in alkyl chain length. All MIC results are reported in Table 4.
The series of diallyl QACs prepared exhibited excellent biocidal activity by MIC testing,
reporting results in order of magnitude higher than a comparable diol QAC previously
investigated.81 Biocidal activity of the QAC polymerized in a thiol-ene film 6a-d was
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invested by the addition of S. aurus and E. coli respectively to the surface of the film and
incubating for 4 hours after which any remaining bacteria was collected and a serial
dilution was made. A visual test for turbidity was performed and reported as a log
reduction in kill by evidence of bacterial growth. The results of all film studies are shown
in table 1. Consistent with the MIC results 6a containing the QAC with shortest alkyl
chain of 8 carbons reported the lowest biocidal activity. As the alkyl chain length on the
QAC increased biocidal activity stayed relatively the same. Current literature reported in
inverse relationship between biocidal activity of QACs in solution and in film attributing
this relationship to a shielding effect of the positively charged nitrogen from the film
surface air interface as the alkyl chain length increased. This trend is not dramatically
observed in the thiol-ene diallyl QAC formulations investigated. The diallyl QAC is a
relatively low energy component capable of forming long biocidal chains by a homopolymerization process. This allows the biocidal polymer to lock itself in a more
thermodynamically favored position within the thiol-ene matrix suggesting a decreased
shielding effect felt by the positively charged nitrogen center as reflected by the biocidal
testing.
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Table 4
Minimum inhibitory concentrations (MIC) and surface biocidal activity for prepared quaternary
ammonium compounds (QAC) and their respective thiol-ene films containing QAC

Sample
ID

(2) R=

S. Aurus
Gram (+)
MIC
(mg/mL)

E. Coli
Gram (-)
MIC
(mg/mL)

Sample
ID

S. Aurus
Gram (+)a

E. Coli
Gram (-)a

6

0±0

0±0

3a

nC8H17-

>1

>1

6a

0±0

0±0

3b

nC10H21-

0.0252

0.252

6b

5±0

3.7 ± 0.6

3c

nC14H29-

<0.0015

0.015

6c

4±0

3±0

3d

nC16H33-

<0.0015

<0.0015

6d

6±1

0.3 ± 0.6

a

reported in log reduction from a starting point concentration of 10 7CFU/cm2; sample ID 6 represents a thiol-ene film containing no
QAC additive

All surface analysis was performed on thin films drawn on to a clean Q-panel and
radiation cured resulting in a 0.1 mm film thickness and is reported in Table 5. Hardness
and tack measurements were obtained on a bulk tack texture analyzer using a 1 inch steel
probe tip. The amount of force in grams required to penetrate 10% of the films depth was
reported as film hardness. For tack characterization the probe was inserted 10% into the
films depth and held constant for 10 seconds. The amount of force needed to pull away
from the film was reported as tack. In both cases each formulation was tested 5 times and
an average was taken. All formulations showed comparable hardness values indicative of
thiol-ene formulations exhibiting little change with the addition of a QAC. Likewise the
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increase in alkyl chain length on the QAC showed little impact on film hardness.
However, tack values reflected the presence of a QAC in the formulation. The addition of
a QAC with the shortest alkyl chain of 8 carbons to the thiol-ene formulation doubled the
films tack value from 30±4 g containing no QAC additive to 73±14 g. As the alkyl chain
on the QAC increased the films tack values decreased until the tack value was
comparable to the thiol-ene formulation alone. The change in surface properties found by
the tack evaluation indicates a change in surface chemistry and composition at the
interface by the addition and modification of the QAC additive.
Water contact angles were obtained for the series of films and are shown in table
5. All formulations exhibited similar contact angles with the exception of film 6d
containing the QAC with longest alkyl chain which had a slight increase in contact angle.
All films showed high gel fractions indicating a highly crosslinked system.
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Table 5
Characterization of surface properties: hardness and tack, and water contact angle for
thiol-ene films containing QAC

bulk
Sample
hardness
ID
(g)a

bulk
tack
(g)b

water contact Gel fraction Glass transition
angle (deg)c (wt %)d
temperature Tg
( °C)e

thermal
degradation
onset (°C)f

6

116±7

30±4

64 ±1

99

-21

329

6a

144±6

73±14 59 ± 3

99

-12

297

6b

111±14

49±5

67 ± 2

96

-16

303

6c

131±4

53±4

57 ± 2

98

-16

309

6d

130±6

20±5

82 ± 5

94

-16

311

a

Hardness determination, load required to penetrate 10% of film thickness with a 1’’ steel probe tip; bTack determination, load
required to remove the same 1’’ probe tip after holding in contact with the film at 10% film depth for 10 sec; cContact angle obtained
using VCA optima; dGel fraction quantified as the insoluble fraction recovered after 24-h solvent exposure; eTA Instruments 2920
DSC parameters, -90 to 100°C at 10°C/min heat/cool/heat, Tg taken from second heat; fTA Instruments Q5000 TGA parameters, high
resolution temperature profile at 10°C/min, onset = temperature corresponding to 10% mass loss after water loss

Physical properties such as glass transition (Tg) and thermal analysis were
investigated using 5 g samples thermally cured with AIBN, results listed in Table 5.
Differential scanning calorimetry (DSC) was performed using a heat/cool/heat cycle in
which the Tg was taken from the second heat cycle where in inflection point in
temperature was observed. All DSC spectra are illustrated in Figure 35. Each formulation
showed a low Tg however, the incorporation of the QAC additive increased the Tg
slightly with the most dramatic change being in formulation 6a where as formulations 6bd showed no significant change.
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Figure 35. DSC analysis for samples 6, and 6a-6d.
Thermal stability was analyzed for all formulations prepared using thermo
gravimetric analysis (TGA). Weight loss was analyzed as a function of time and
temperature. Each spectra obtained was analyzed by calculating onsets values in which
thermal stability was correlated to the temperature at which 10% of mass was evolved.
All onset values are reported in Table 5 and each spectra is illustrated in Figure 36. Each
formulation showed high thermal stability with a negligible difference in onset values
with each formulation. The incorporation of the biocidal homopolymer did not improve
or impede thermal stability for the thiol-ene matrix.
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Figure 36. TGA analysis of thermally cured, thiol-ene biocide samples all containing 10
wt% biocide.
All formulations prepared were monitored for the extent of the reaction by
thermal initiation using AIBN. The presence of functional groups at 2597 cm-1 (S-H) and
1645 cm-1 (C=C) were monitored using a Perkin Elmer FT-IR Spectrum 100 while heated
to 65 °C using a custom heated cell from Pike Technologies and deemed complete when
no further change in functional group conversion took place. Changes in functional group
peak intensities were recorded during the thermal curing process and analyzed with time
to monitor the extent of polymerization. An example plot prepared by calculating
functional group percent conversion with time for a complete polymerization containing
formulation 6a (thiol-ene sample containing 10 wt% of QAC C-8) is shown in Figure 37.
Likewise an FT-IR spectra representation illustrating the changes in peak intensity used
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to calculate percent conversion for the polymerization of formulation 6a is shown in
Figure 38.
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Figure 37. FT-IR analysis of S-H and C=C showing percent functional group conversion
for QAC C-8 formulation.
The kinetic investigation was performed for all formulations in triplicate focusing
on the initial linear range of polymerization as calculated by functional group conversion.
A linear regression fit was used to quantitatively analyze the kinetic rate of
polymerization resulting in small standard deviation values and high R2 values. All initial
rates of polymerization are reported as an average of all three trials and are summarized
in Table 6.
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Table 6
Initial rates of polymerization for 6 and 6a-d by FT-IR analysis of S-H peak at 2597 cm-1
and C=C 1645 cm-1

Sample ID

Peak analyzed

Rate (min-1)

R2

6

S-H

6.0x ±1.0

0.99 ±0.01

6a

S-H

5.2x ±0.3

0.98 ±0.01

6b

S-H

2.6x±0.4

0.99 ±0.01

6c

S-H

1.7 ±0.3

0.89 ±0.13

6

C=C

6.2x ±1.2

0.99 ±0.01

6a

C=C

4.6x ±0.8

0.96 ±0.04

6b

C=C

1.3x ±0.3

0.99 ±0.01

6c

C=C

0.7 ±0.4

0.83 ±0.09

FT-IR spectra was analyzed for peak intensity with time of S-H at 2597 cm-1and C=C 1645 cm-1; each formulation was analyzed 3
times and an average and standard deviation was reported as well as an average for the liner regression fit

The addition of QAC C-8 to the thiol-ene matrix showed little effect on the rate of
polymerization. However, as the alkyl chain length on the QAC increased, the rate of
polymerization showed a significant retardation. This may be attributed to steric
hindrance brought to the formulations with the larger QAC compounds. Due to the high
percent conversion of the films and preliminary testing of the diallyl QAC and thiol, the
QAC appears to have little reactivity with the tri-thiol monomer making it act as a true
additive to the thiol-ene matrix. Pervious literature has shown the rate of thiol-ene
polymerization to be slightly retarded with the addition of an additive to the thiol-ene
matrix with more dramatic changes in rates of polymerization taking place with the
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increase of additive to the system.25 Although thiol-ene polymerizations are extremely
fast the rate appears to be slightly hindered by the incorporation of additives to the
system, however high percent conversions of monomers are still maintained.

Figure 38. FT-IR spectra of S-H peak at 2597 cm-1 (a) and C=C 1645 cm-1 (b) showing
disappearance of functional group with time.
Atomic force microscopy (AFM) was used to analyze surface morphologies of the
thiol-ene matrix with and without the addition of each QAC homopolymer. Figure 39
shows the resulting AFM images of each formulation at a 1 µm2 scale for both height and
phase analysis. The thiol-ene matrix containing no QAC additive had a smooth
appearance for both phase and domains imaging showing no signs of phase separation,
images are shown in Figure 39 a-b. The addition of the diallyl QAC homopolymer in
each formulation showed a striking difference in morphology for both phase and height
images resulting in a phase separated material. AFM analysis revealed distinct changes
in domain size for all formulations containing a QAC with an alkyl chain length of 10
carbons or higher. Large topographical features were prevalent in the thiol-ene
formulation containing QAC C-8 which can be contributed to a relatively even dispersion
of the additive throughout the bulk of the film in comparison to the QAC containing
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longer alkyl chains resulting in less diffusion at the surface. Overall worm like features
are shown characteristic of block copolymers or polymeric blends.

Figure. 39. AFM images of crosslinked thiol-ene control sample (a) height and (b)
phase image, and the thiol-ene crosslinked film co-blended with homopolymer forming
allyl quaternary ammonium compounds with increasing carbon atoms in the alkyl chain
of QAC: (c) height image of C-8, (d) phase image of C-8, (e) height image of C-10, (f)
phase image of C-10, (g) height image of C-14, (h) phase image of C-14, (i) height
image of C-16 and (j) phase image of C-16. All images are of 1 µm2 size and have Z
range of 15 nm for height image and 20° for the corresponding phase image.
Changes in height for each sample were quantified using AFM analysis and are
illustrated in Figure 40. The thiol-ene matrix alone has a very smooth morphology with
no noticeable phase separation present. When the QAC homopolymer is introduced to the
thiol-ene network a striking visual change for phase and height images is evident. Despite
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this change in morphology the greatest change in height observed was 0.9 nm. All
formulations containing the QAC additive showed small changes in roughness by varying
the alkyl chain length on the QAC from 8 carbons to 16 carbons, however all
formulations are considered relatively smooth.
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Figure 40. Quantitative analysis of AFM images to depict the effect of increasing
carbon atoms in the alkyl chain of QAC on surface roughness.
A significant change in phase was found in the series of QAC containing films
illustrated by the appearance of a light and dark phase. All phase imaging was used to
analyze the size of each light and dark component for the series of thiol-ene films
containing QAC additives. Figure 41 reports the calculated domain length and width for
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each formulation as alkyl chain length increases on the QAC additive. The AFM analysis
suggests as the alkyl chain length on the QAC increases the domain size for both the light
and dark phases decreases resulting in a complex biphasic inter-mixing for the higher
alkyl chain containing formulations.87 Surface enrichment is known to develop in films
when a lower energy component is introduced to a formulation.89 The decrease in domain
size as the alkyl chain length is increased may result in a slight surface enrichment for the
longer alkyl chain QAC additives due to the change in energy of the additive. Such phase
separation is expected due to the energy differences of the thiol-ene matrix and the QAC
homopolymer with the thiol-ene components preferably populating the polymer substrate
interface allowing for the lower energy component QAC to minimize the interfacial
energy between the polymer and surroundings.89 The electron releasing nature of alkanes
leads to inductive stabilization of the electron deficient nitrogen center and enhanced
compatibility of the blend phases allowing formation of small clusters to result and a
finer morphology as the alkyl chain length increases.
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Figure 41. Quantitative analysis of AFM images to depict the effect of increasing carbon
atoms in the alkyl chain of QAC on domain size.
Conclusions
Novel quaternary ammonium compounds (QACs) were prepared and thoroughly
analyzed for their biocidal activity in solution as well as their biocidal activity in film by
incorporating them into a thiol-ene network as a homopolymer. All QACs showed
sufficient biocidal activity in solution and were able to maintain high biocidal activity in
film as well. QACs have been known to contain higher biocidal activity as their alkyl
chain length increases. Minimum inhibitory testing reflected this trend in which QAC
containing an alkyl chain length of 16 carbons showed the highest activity. Alkyl chain
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length did not play a large role in biocidal activity when polymerized into a film,
however AFM confirmed in intimate role between QAC alkyl chain length and surface
morphology. The introduction of the QAC additive to the thiol-ene network revealed a
phase separated interpenetrating network in which domain size was closely related to
alkly chain length of the QAC homopolymer. QAC C-8 showed a glass transition that
was an outlier from the other formulations. AFM further confirmed the unique character
of this formulation with large domain sizes and surface characteristics in which the QAC
additive appears to be dispersed throughout the film in relation to the other formulations
in which intimate mixing of the two phases appears at the surface. Despite the change in
bulk properties for formulation containing QAC C-8 all formulations exhibited low glass
transition temperatures characteristic of thiol-ene networks as well as high thermal
stability and hardness values. All formulations were capable of self-decontamination
against both gram positive and gram negative bacteria.
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CHAPTER IV
FUNDAMENTAL INVESTIGATION OF THIOL AND ENE MONOMER
FUNCTIONALITY ON NETWORK ADHESION
Abstract
In efforts to expand the knowledge of thiol-ene coating chemistry, a fundamental
thiol-ene adhesion study was performed analyzing polymer adhesion on five different
substrates ranging from glass, metal, and primed panels. Each monomer varied in
functionality, reactivity, and its contribution to network density. In addition to variations
of monomers used, curing conditions were also investigated for their contribution to
polymer adhesion. All adhesion data was obtained using ASTM standardized technique
for cross hatch analysis. Polymerizations were performed using Irgacure 651, a
commercially available photo initiator, under UV radiation. A rapid polymerization
process was employed using an industrial UV-cure line by exposing drawn films to 6.33
W/cm2 radiation as well as a slightly slower polymerization by film exposure to 350 nm
bulbs for 5 minutes. The addition of a tri-functional acrylate was added to the network at
5 wt. % as an adhesion promoter. As expected network density directly affected the
physical properties of each thiol-ene coating as analyzed by differential scanning
calorimetry (DSC). However, curing methods also had a significant impact on the
physical properties of each formulation and in some cases improved the overall adhesion
strength of the coating. The addition of the tri-functional acrylate truly acted as an
adhesion promoter for formulations exhibiting low adhesion strength by improving
results obtained from cross hatch analysis and expanding the range of substrate adhesion.
Thiol-ene coatings have not been greatly investigated for their adhesion, but have shown
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great promise in industrial applications. Adhesion must be addressed for thiol-ene
formulations to ensure the lifetime and success of the coating.
Introduction
Polymer adhesion consists of interatomic and intermolecular interactions between
polymer films and substrate interfaces.90 The mechanism of this interaction has proven to
be complex and multi-disciplinary, encompassing many areas of science ranging from
physics and rheology to surface chemistry. Over the last 30 years factors controlling
substrate adhesion has been significantly investigated, which has proven to be a complex
task.90 Ultimately, researchers have tried relating this phenomenon back to a single
mechanism, resulting in multiple theories.90 However, each one has been unsuccessful in
simplifying a gross mechanism applicable to all areas of polymer adhesion, leaving the
major controlling factors of substrate adhesion debatable.
Mechanical coupling, also referred to as interlocking, has been investigated as a
key mechanism for polymer adhesion. Mechanical coupling is based on monomers
forming intimate contact with substrates that exhibit surface roughness on a molecular
level.90 As polymerization takes place and molecular weight builds, the polymer will be
locked into place by the formation of network bonds within the changes in topography of
the substrate.90 Surface roughness, being a key factor in mechanical coupling theory, has
been thoroughly investigated for its contribution to the adhesion strength of polymers.91
Abrasive treatments of smooth surfaces have also been investigated for their possible role
in increasing adhesion strength and in many cases have improved polymer adhesion.90 A
debate has formed within mechanical coupling theory, as some believe the increased
surface roughness improves adhesion based on the increased surface area of the
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substrate.90 Regardless of the mode of action, polymer adhesion has been directly linked
to increased surface roughness of the substrate.
Many interactions take place at the substrate polymer interface. Molecular
bonding theory encompasses some of these interactions by investigating polymer
adhesion by means of substrate polymer interactions through dipole-dipole interactions,
van der Waals forces, and ionic and covalent chemical bonding.90 Many theories have
been proposed that describe molecular bonding theory. Mutsuda et al. analyzed poly(oxy2,6-dimethyl-1,4-phenylene) adhesive interactions with rubber and found the radical
polymerization reaction initiated a hydrogen abstraction reaction with the substrate
forming covalent bonds, as revealed by XPS and ToF-SIMS.90 Research has also shown
interfacial bonding to be a critical factor for adhesion between silanes and metal
substrates.90 Molecular bonding theory also includes the effects of chemical bonding
interactions on adhesion within a polymer network. Basin investigated the relationship
between the extent of crosslinking reactions in the polymer network and the effect it may
have on polymer adhesion. His investigation revealed increased numbers of chemical
bonds at the substrate interface increased substrate adhesion to a maximum value. Further
increases in the amount of chemical bonds resulted in a decrease in adhesion strength due
to a concentration of mechanical stress at the interface.90
Polymer adhesion has proven to be quite complicated. Theories proposed to
explain the adhesion phenomena, such as molecular bonding theory, have grown in
complexity as research has expanded. Laurens et al. investigated polypropylene and
polyamide assemblies and the relationship that varying curing conditions and molecular
architecture play on polymer adhesion. Fracture toughness was used as a means of
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analyzing the network’s response to stress and was found to correlate with adhesion
results.92 Laurens proposed an explanation based on the molecular architecture of the
polymer, arguing specific functionalized polypropylenes were able to connect crystalline
lamellae within the network. Curing temperatures above the melting point of each
polymer favored this stress-relieving formation, as revealed by XPS and improved
polymer adhesion.92 Likewise Bucher et al. analyzed polymer orientation at the substrate
coating interface and was able to find a direct relationship between curing conditions and
polymer organization. The resulting formulations with improved fracture toughness also
showed increased substrate adhesion, suggesting polymer adhesion is directly related to
the ability to relieve stress at the substrate polymer interface.93
In some cases substrate polymer interactions can be improved by the addition of
an adhesion promoter or coupling agent that creates stronger interfacial interactions.
Adhesion promoters can improve bonding strength to the substrate by reacting
chemically with both the polymer and substrate, or by altering the critical surface tension
of the formulation resulting in improved wetting of the surface.94 Adhesion promoters
can act in different ways to bridge the interface between an inorganic substrate and
organic polymer. For example, zones can be created within the polymer by a
concentration of functional groups from the adhesion promoter at the substrate interface
by acting as an intermediate between the high modulus substrate and the low modulus
polymer.128 In many cases the desired adhesion strength improves and durability is added
to the polymer.94
The adhesion phenomenon appears to be complex in nature, possibly varying with
each unique system. Sophisticated coatings containing elegant monomer design and
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functionality can be prepared, but coating lifetime is halted if substrate adhesion fails.
Coating adhesion needs to be thoroughly investigated to insure the success of the applied
polymer. Specific coating characteristics and substrates have been investigated for their
contribution to successful substrate adhesion, based on characteristics such as surface
property relationships, network density, and the incorporation of adhesion promoters.
Thiol-ene chemistry has proven to be an extremely efficient way to develop
coatings with a great range of functionality and industrial applications. A fundamental
thiol-ene investigation is necessary to identify the strengths and weakness concerning
substrate adhesion and durability. This study will allow investigators to choose thoughtful
thiol and ene monomers not just for their network contributions, but for their application
potential as well. Figure 42 illustrates commercially available thiol and ene monomers
that have been used in the literature for film formation. This study will focus on
formulations obtained from these monomers and the affect their functionality may play
on substrate adhesion. Multiple substrates and curing conditions will be analyzed in an
effort to understand the controlling factors and limitations of thiol-ene polymer adhesion.
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Figure 42. Molecular structures of thiol and ene monomers investigated for substrate
adhesion; trimethylolpropane diallyl ether (1), o’o diallyl bisphenol A (2), pentaerythritol
allyl ether (3), 1,3,5-triallyl-1,3,5- triazrine-2,4,6(1H, 3H, 5H)-trione (4), pentaerytritol
tetra(3-mercaptopropionate) (5), Trimethyl propyl mercatoacetate (6), trimethyl propyl
mercaptopropionate (7), ethoxylated trimethylolpropane tri(3-mercaptoproionate) (8).
Materials and Methods
Materials
All materials were used as received. Trimethyl propyl mercatoacetate , trimethyl
propyl mercaptopropionate, ethoxylated trimethylolpropane tri(3-mercaptoproionate)
1300, and pentaerytritol tetra(3-mercaptopropionate) were obtained from Bruno Bock.
O’o diallyl bisphenol A, trimethylolpropane diallyl ether, pentaerythritol allyl ether, and
1,3,5-triallyl-1,3,5- triazrine-2,4,6(1H, 3H, 5H)-trione were obtained from Perstorp.
Irgacure 651 was obtained from Ciba Specialty Chemicals.
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General Procedure for Film Preparation
Each formulation prepared maintained a 1:1 stochiometric ratio of functional
groups (thiol:ene). Photoinitiator (Irgacure 651) was added at 1 wt% solids, and the
resulting mixture was combined in a high shear mixer at 2,000 rpms for 5 minutes. The
100 % solids sample was drawn on clean substrates using an eight-path wet film
applicator (Paul N. Gardner C.) on #6. Radiation curing of thin films containing Irgacure
651 was performed on a Fusion System Corporation Epiq 6000 UV system, 1.095
W/cm2, and clear colorless films approximately 0.1 mil thick were produced. The
resulting films were smooth, continuous, and colorless.
Mechanical Characterization, Bulk Tack and Hardness
Film hardness of thin-film samples was characterized using a TA XTplus Texture
Analyzer (Godelming, Surrey, UK). Using compression test mode, the applied force
required to penetrate 10 % of the film thickness with a one inch round probe tip at a
probe insertion speed of 0.1 mm/sec was determined. The amount of UV exposure needed
to ensure proper curing was defined as the plateau onset in bulk hardness verses radiation
dose and held constant for the rest of the investigation. In tack measurements the probe
tip and applied force (determined from hardness data) was held for 10 s, and then the
probe tip was withdrawn at a constant rate from the film of 0.1 mm/s. Force
measurements are recorded as grams per unit time, and the highest force point is recorded
as the peak tack force.
Mechanical analysis was investigated using Differential Scanning Calorimetry
(DSC) on a TA Instruments #2920 Modulated DSC. Glass transitions (Tg) were
monitored and correlated to additive content. Cured films were removed from aluminum
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coupons and cut into ~ 5 mg samples for DSC analysis. Samples were monitored over
the temperature range -90 to 100 °C in a heat/cool/heat cycle at 10°C/min. The Tg was
taken from the second heating cycle.
Polymer toughness, strain %, and maximum stress before breakage we’re
calculated using a Bose Electroforce 3330 at a tensile force of 1 N/sec. All samples
analyzed were prepared using a standard dog bone mold and polymerized for 10 minutes
using 350 nm bulbs described previously in film preparation.
Cross Hatch Adhesion
Adhesion measurements were performed by the ASTM standard D 3359-09 test
method B, adhesion by tape test from Paul Gardner Company. A new razor blade was
used to make 11 precision cuts in a cross hatch pattern. Permacel 99 pressure sensitive
tap was applied over the cross hatch pattern and secured to the surface by applying
pressure using a pencil eraser. The tape was removed at 180 ° to the surface at a constant
rate. The amount of coating removed was visually inspected and reported on the ASTM
scale from 0B to 5B.
Water Delaminating Study
All formulations were drawn on pristine substrates consisting of steel, aluminum,
glass, primer A, primer B and made in duplicate. After curing each formulation as
described in section x, each formulation was analyzed for water delamination in artificial
sea water and deionized water by coating submersion in a static tank at 23°C. Each
sample was analyzed every 24 hours for surface changes using a high magnification z
scope microscope imaging as well as qualitative inspection for surface adherence. This
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process was continued for x days. After which all samples were removed from water
submersion, dried, and analyzed for final substrate adhesion by cross hatch analysis.
Surface Analysis During Water Submersion
Each formulation showing an adhesion strength of 2 or greater determined by
cross hatch adhesion was submerged in deionized water and artificial ocean water created
using Instant Ocean to manufacturer specifications. Each substrate was monitored daily
for polymer delaminating by visual inspection. A z scope optical microscope was used to
analyze changes in the surface of the polymer coating with water exposure using a 50x
microscope lens.
Results and Discussion
A variety of thiol-ene polymer coatings were prepared from the monomers shown
in Figure 37 as 100% solids formulation maintaining a 1:1 stochiometric ratio of
functional groups (thiol:ene). Table 7 illustrates each formulation prepared and the
coordinating polymer name describing monomer used. All samples were drawn using a
Paul B. Gardner wet film adapter set to side 6 creating an average film thickness of 0.1
mm. Photo polymerization was used in all film preparation by the incorporation of 1 wt.
% Irgacure 651 photo initiator.
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Table 7
Thiol-ene network formulations prepared describing functionality of monomers used and
assignment of formulation name

Di-ene
(1)

Aromatic ene
(2)

Tri-ene
(3)

Cyclic ene
(4)

Tetra-thiol (5)

1-5

2-5

3-5

4-5

Tri-thiol (6)

1-6

2-6

3-6

4-6

Tri-thiol (7)

1-7

2-7

3-7

4-7

Tri-thiol (8)

1-8

2-8

3-8

4-8

Each sample produced was clear and continuous with the exception of all
formulations containing monomer 2, o’o diallyl bisphenol A. Complete polymerization of
formulations 2-5, 2-6, 2-7, and 2-8 did not take place as indicated by a gel fraction
analysis ranging from 3-6%. Additional radiation exposure was investigated as a mean to
complete the network forming reaction by increasing radiation up to 55.5 W/cm2. Gel
fraction analysis did not show improvements in network formation and o’o diallyl
bisphenol A was not further analyzed in the remainder of the investigation. Reaction
kinetics of thiol-ene radical step growth polymerization has been linked to the amount of
electron density in the carbon-carbon double bond. Increasing electron density through
electron donating functional groups has been shown to increase the kinetic rate of
reaction. Consequently electronically stabilizing groups can decrease electron density
slowing down the rate of reaction. Molecular modeling of each ene containing monomer
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showed adequate electron density in each carbon-carbon double bond. H1 NMR revealed
contaminates in sample that could possibly lead to the kinetic retardation of formulations
containing monomer 2.
Each formulation was prepared on aluminum, rolled steel, textured steel, glass, a
commercially available primed substrate, and a government primed substrate in an effort
to understand the controlling factors and limitations of thiol-ene coating adhesion. A
rapid polymerization method was employed using an industrial cure line as a means to
form quick networks bonds. Cross hatch analysis was performed on each formulation
using ASTM standard techniques; results are reported in Table 8. All analysis was
reported on a scale of 0-5 in which 0 indicates 100-65% coating removed after testing, 1
indicates 35-65% removed, 2 indicates 15-35% removed, 3 indicates 5-15% removed, 4
indicates less than 5% removed, and 5 indicates no coating was removed during the
adhesion testing.

100
Table 8
Study 1: Cross hatch adhesion results for each formulation polymerized under industrial
UV exposure before water exposure

Compositions
prepared

Aluminum Government
primer

Commercial
primer

Glass

Textured
steel

1-5

0

0

0

0

0

1-6

0

0

0

0

0

1-7

0

0*

0

0

0

2-5

x

x

x

x

x

2-6

x

x

x

x

x

2-7

x

x

x

x

x

3-5

0

0

0

0

0

3-6

0

0*

0

0

0

3-7

0

0

0

0

0

4-5

0

0

0

0

0

4-6

0

0*

5

0

5

4-7

0

0*

0

0

5

*Denotes primer adhesion failure; x denotes low polymerization of formulation as determined by gel fraction analysis and was not
further investigated

Despite the varying functionality of monomers analyzed each formulation
revealed more adhesion failures than successes by cross hatch analysis. The incorporation
of polar components was thought to increase substrate polymer interactions resulting in
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increased adhesion at the interface. By molecular coupling theory, formulations prepared
using monomers containing electronically rich sites should increase interactions at the
interface by the addition of polar components to the carbon backbone of the polymer. In
addition to the electronic nature, monomer 4 also contains a cyclic ring capable of
forming a highly organized network that would decrease molecular movement relative to
a higher molecular weight alkyl group that would add more flexibility to the polymer.
Despite the great number of formulations that failed adhesion analysis, formulations
containing monomer 4 performed slightly better than other formulations that showed no
signs of substrate adhesion, suggesting thiol-ene coatings are capable of adequate
substrate interactions under certain conditions.
To understand the properties effecting thiol-ene polymer adhesion, all
formulations must be properly characterized. Each sample prepared by industrial UV cure
polymerization was fully characterized for physical and surface properties using
differential scanning calorimetry (DSC), bulk tack texture analysis for hardness and tack,
contact angle, and gel fraction analysis. All results are reported in Table 9. Hardness and
tack data was obtained using a texture analyzer equipped with a 1 inch steel probe tip.
The force required to penetrate 10% of the films depth was calculated and reported as
hardness. Tack was analyzed by the force required to pull the probe tip away from the
films surface after penetrating 10% into the films depth and held for 10 seconds. All
hardness and tack results were relatively the same for each formulation and were slightly
higher to previously published texture analysis data of comparable thiol-ene coating
formulations.ref Likewise, all gel fractions showed highly crosslinked films as calculated
after overnight exposure to acetone and subsequent drying.
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DSC was used to study physical properties of the samples by analyzing a thermal
response within the polymer network from a heat/cool/heat cycle. As the sample goes
through a thermal transition an endothermic process takes place and energy is absorbed.
DSC analyzes polymer transitions by measuring the heat of the sample as it corresponds
to an empty reference pan allowing for differential to be identified when the sample goes
through a thermal transition. The glass transition temperature (Tg) corresponds to the
temperature in which a polymer goes from a glassy state to a rubber state. The resulting
Tg of the samples showed varying results dependent on monomers used in formulation.
Literature has shown increasing the crosslinking reactions per unit area of polymer
decreases the free volume resulting in less molecular movement. The glass transition
temperature Tg of the polymer can reflect this change in polymer mobility by increasing
the temperature in which the sample goes from a glassy state to a rubbery state. As
expected the formulations analyzed showed varying Tgs with samples containing the difunctional ene, monomer 1 exhibiting the lowest temperature. Likewise samples prepared
using monomer 1 would have the greatest free volume due to the di-functional nature of
the monomer used. The greatest change in Tg came from formulations containing
monomer 4 which was suspected to decrease molecular movement from the small, trifunctional, and cyclic nature of the monomer. The Tgs of samples prepared containing
monomer 4 reflected this idea with an increase in Tg of 60-90 °C above corresponding
formulations analyzed.
In addition to monomer structure, network density can also be affected by the
number of reactive functional groups on each monomer used. Increasing the number of
crosslinking reactions per monomer creates a decrease in free volume of the prepared
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polymer, which can result in an increase in the rigidity of the network, in turn increasing
the Tg. Thiol monomers 5 and 7 differ only in the number of reactive thiol groups from 4
to 3 respectively. Analysis of each resulting polymer formed from reacting thiol
monomers, 5 and 7 respectively with monomer 4 revealed a 30 °C difference in Tg with
the higher crosslinked network showing the increased Tg, illustrating the effects monomer
design have impart on polymer properties. Surprisingly changing the degree of thiol
functionality did not make a significant impact when ene monomers 1 and 3 were used.
Further testing showed formulation 4-5 to be accurately characterized and the difference
in Tg to be real.
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Table 9
Study 1: Characterization of film samples for physical, surface, and network properties
for formulations obtained from industrial UV polymerization

Compositions
prepared

Glass
transition Tg
(°C)

Tack initial (g)c

Hardness
initial (g)

b

Water contact
angle (degree)

Gel fraction
d

(%)

a

-29

131±11

6±1

95±4

96

-30

141±5

23±4

95±7

94

1-7

-30

97±4

6±1

106±10

96

2-5

x

x

x

x

x

2-6

x

x

x

x

x

2-7

x

x

x

x

x

3-5

-26

129±6

3±0.3

96±6

95

3-6

-26

123±14

5±3

79±6

95

3-7

-29

123±22

5±4

97±0.7

95

4-5

65

134±6

1±0.5

64±3

99

4-6

36

160±6

1±0.1

70±2

99

4-7

35

123±3

1±0.5

80±4

99

1-5

1-6

a

TA Instruments 2920 DSC parameters, -50 to 150°C at 10°C/min heat/cool/heat, Tg taken from second heat; bHardness
determination, load required to penetrate 10% of film thickness with a 1’’ steel probe tip; cTack determination, load required to
remove the same 1’’ probe tip after holding in contact with the film at 10% film depth for 10 sec.; dContact angle obtained using VCA
optima
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Molecular bonding theory has shown the introduction or increase in polarity of
monomers used can increase adhesion strength at the interface. Despite the variety of
functionality and network density employed initial cross hatch analysis revealed poor
adhesion strength for the vast majority of formulations investigated. However, multiple
theories have been proposed to explain polymer adhesion with none being applicable to
all samples. Molecular coupling theory investigates adhesive strength with changes in
topography of substrates and surface wetting. As a means to investigate substrate
interactions and polymer wetting, cure conditions were varied in efforts to understand the
defining factors effecting thiol-ene substrate adhesion. All samples were prepared using
the same method reported earlier. Only a slower photo cure was employed allowing the
formulations addition time to wet the surface. Each sample was exposed to 350nm
radiation for 5 minutes using 5, 8 watt bulbs. A visual inspection of all samples prepared
using the slower rate of polymerization revealed no discernible change in coating
appearance. An average film thickness was consistent with the industrial cure method at
0.1 mm. Cross hatch analysis was performed on each sample and the results are reported
in Table 10.
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Table 10
Study 2: Cross hatch adhesion results for formulations obtained from 5 minutes exposure
to 350nm UV radiation

Compositions
prepared

Aluminum Steel

Government Commercial
primer
primer

Glass

Textured
steel

1-5

0

0

0

0

0

0

1-6

0

0

0

0

0

0

1-7

0

0

0

0

0

0

1-8

0

0

2

1

0

0

3-5

0

0

0

0

0

0

3-6

0

0

0

0

0

0

3-7

0

0

0

0

0

0

3-8

0

0

0

0

0

0

4-5

5

5

0

0

5

5

4-6

5

5

0

0

5

5

4-7

0

5

0

0

0

5

4-8

0

0

0

0

0

0

Slowing down the rate of polymerization and allowing the monomers additional
time to properly wet the surface of the substrate may increase interaction between the
substrate and polymer at the interface. Unfortunately changing the light source for UV
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radiation not only changes the intensity of the radiation source but also introduces an
additional variable by shifting the UV spectra of maximum radiation output. Photo
initiator Irgacure 651 generates the greatest radical output when exposed to wavelengths
of 300 nm and less making the change in curing conditions not only a decrease in lamp
intensity but also a decrease in the rate of radial generation from the photo initiator. Due
to the number of formulations analyzed and varying conditions of preparation each
sample was only analyzed once. To understand the data with absolute certainty additional
tests would need to be performed and a standard deviation for each data point prepared.
Analyzing all data collected to date increasing the time the formulation has to interact
with the substrate surface appears to improve adhesion in formulations containing the
cyclic ene, monomer 4 for all metal and glass substrates, with the exception of
formulation 4-8. Surprisingly formulation 4-8 appeared to rust each steel substrate
beginning before complete polymerization had taken place. The highly polar
functionality in monomer 8 did not appear to improve the polymer substrate interactions
for all 5 substrates investigated as determined by cross hatch analysis. An increase in
adhesion strength in formulation 1-8 was detected however formulations containing
monomer 8 did not bond strongly to the standardized tape used in the ASTM cross hatch
analysis, possibly leading to a slight bias in reported data.
All samples polymerized using the modified cure kinetics was thoroughly
characterized using the same techniques and parameters as described previously. Table
11 reports all characterization data obtained. Gel fraction analysis showed varying cure
conditions did not affect monomer conversion to network bonds with all calculated gel
fractions consistently high. DSC analysis of the glass transition temperature revealed a
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significant change in formulations containing monomers 4 with an average decrease from
10-28 °C. Despite the decrease in Tg for some formulations other exhibited an increase in
Tg. The erratic trend in physical properties by DSC analysis could be due to incomplete
polymerization of the network possibly from a flaw in the modified curing procedure. All
samples were visually inspected after polymerization and were clear, continuous, and
homogenous polymer films. A curing investigation should be performed in future studies
to further analyze the extent of the crosslinking reaction by monitoring a change in a
physical property of the network with radiation exposure. DSC may be used to analyze
changes in Tg with increased UV exposure to identify the exact amount of radiation
needed to fully polymerize each formulation.
In efforts to allow for additional time for monomers to wet the surface of the
substrate the light source was changed to lower the intensity of the output of radiation
allowing for a retardation of the kinetic rate of polymerization. Consequently the
wavelength of UV radiation was also altered. The resulting change in radical generation
from altering the range wavelengths of UV output could be normalized by tailoring the
photo initiator to each light source, allowing for adequate radical generation under
varying UV wavelengths.
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Table 11
Study 2: Characterization of film samples for mechanical, physical and surface
properties for formulations obtained from 5 minutes exposure to 350nm UV radiation

Compositions
prepared

Glass
transition Tg
(°C)

Hardness
initial (g)

Tack initial
b

(g)

c

Water contact
angle (degree)

Gel fraction
d

(%)

a

1-5

-20

155±5

9±3

73±6

98

1-6

-33

139±13

19±5

56±3

94

1-7

-30

148±5

16±2

67±3

95

1-8

-45

156±19

7±2

56±1

99

3-5

-5

180±12

1±2

62±6

97

3-6

-16

107±57

1±0.1

69±3

93

3-7

-17

222±29

3±0.6

75±4

97

3-8

-39

142±12

2±0.3

60±3

99

4-5

37

257±2

2±0.2

57±5

99

4-6

18

152±9

2±0.4

68±5

95

4-7

17

134±12

3±0.9

64±2

71

4-8

-20

127±4

2±0.3

58±4

99
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Slowing down the rate of polymerization showed promise for improved substrate
adhesion however many formulations still showed little to no adhesion strength and all
formulations failed to adhere to both primed substrates. Adhesion promoters have been
incorporated into polymer matrices to enhance the adhesion strength of the substrate and
coating. However, properties of polymer coatings vary greatly in functionality and design
making the incorporation of successful adhesion promoters just as diverse and complex in
nature. Acrylates have numerous desirable polymer properties such as ambient
polymerization, high Tg and moduli, and have been used to promote adhesion in some
organic polymers. Recent work of Ye, et al. has investigated the incorporation of
methacrylate and acrylate into thiol-yne systems and the resulting changes in
polymerization kinetics and properties. The compatibility of acrylates in thiol-ene
systems has also been analyzed for the impact acrylates have on the physical properties of
the matrix.95
Chan et al. investigated kinetic rates of polymerization of acrylates and thiol
monomers using FT-IR.96 Acrylates are capable of homopolymerizing through a radical
initiated process while thiol monomers can react with carbon-carbon double bonds
through a radical step growth polymerization. By analyzing functional group stretches of
S-H and C=C during polymerization Chan et al. was able to determine the rate of
homopolymerization of the acrylate to be much faster than the radical step growth
polymerization of the S-H with the C=C of the acrylate.96
Thiol-ene matrices have been investigated for their compatibility with acrylate
monomers, but little has been down to analyze the interfacial interaction of the resulting
polymer and substrate. To explore the interfacial properties of a thiol-ene network
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containing an acrylate monomer and the resulting effect it may play on adhesion an
additive was introduced to each formulation. A tri-functional acrylate monomer was
added to each thiol-ene formulation at 5 wt.% as an additive. Do to the relative rates of
polymerization of acrylates and the competing thiol-ene reaction investigated by Chan et
al. the acrylate most likely will homopolymerize in the presence of the thiol and ene
monomers with minimum crosslinking interactions between the acrylate and thiol. Due to
the low amount of acrylate introduced to each formulation little change in network
density is expected but cannot be certain without further analysis. The slower cure
conditions of 5 minutes exposure to 350 nm bulbs was maintained and cross hatch
analysis was performed on all formulations, results shown in Table 12.
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Table 12
Study 3: Cross hatch adhesion results for each formulation containing 5 wt.% trifunctional adhesion promoter obtained from 5 minutes exposure to 350nm UV radiation

Compositions
prepared

Aluminum Steel

Government Commercial Glass
primer
primer

Textured
steel

1-5

0

2

0

0

0

0

1-6

4

3

0

5

0

1

1-7

1

0

0

5

1

1

1-8

5

5

2

4

3

5

3-5

1

0

0

0

0

0

3-6

0

0

0

0

0

0

3-7

0

0

0

0

0

1

3-8

0

0

0

2

0

0

4-5

5

5

5

5

5

5

4-6

5

5

5

5

5

5

4-7

5

5

5

5

5

5

4-8

0

1

0

0

0

5

*Denotes primer adhesion failure; x denotes low polymerization of formulation as determined by gel fraction analysis and was not
further investigated

Consistent with previous adhesion analysis formulations containing monomer 4
exhibited the strongest adhesion results concluded from cross hatch adhesion with the
incorporation of the tri-functional acrylate monomer. Improvements in adhesion were
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also seen in formulations containing monomer 1 when drawn on metal substrates.
Unfortunately no further analysis for adhesion strength can be concluded by cross hatch
analysis after a score of 5 is reached indicating the film was unaffected by the treatment.
In the case of films made with monomer 4 it is unknown if the acrylate additive further
improved adhesion strength after a score of 5 was reached. Nevertheless, the
incorporation of the acrylate maintained perfect adhesion results from study 2 to study 3
and broaden the range of available substrates in addition to improving adhesion for
formulations containing monomer 1. All formulations were thoroughly characterized for
physical and surface properties consistent with studies 1 and 2. The results are shown in
Table 13.

114
Table 13
Study 3: Characterization of films for formulations obtained from 5 minutes exposure to
350nm UV radiation containing 5 wt % adhesion promoter

Compositions
prepared

Glass
transition Tg
(°C)

Tack initial (g)c

Hardness
initial (g)

b

Water contact
angle (degree)

Gel fraction
d

(%)

a

1-5

-23

144±7

5±2

60±4

97

1-6

-35

130±18

54±14

50±2

92

1-7

-30

160±11

9±3

59±1

95

1-8

-45

127±5

72±6

50±4

99

3-5

-9

161±18

31±7

43±2

98

3-6

-20

159±8

27±3

64±3

19

3-7

-18

188±2

24±12

51±7

95

3-8

-39

155±12

4±1

55±3

99

4-5

15

238±4

1±1

54±4

97

4-6

18

183±24

5±1

47±6

99

4-7

17

172±13

4±1

37±5

97

4-8

-21

148±17

17±5

54±0

99
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Through out each study gel fraction analysis has been consistently high signifying
highly crosslinked films indicative of thiol-ene networks. Consistently high gel fraction
analysis in study 3 suggested incorporating the acrylate additive did not affect the high
monomer conversions to network bonds that have been obtained throughout this study.
Due to the low amount of acrylate additive used and the highly functional monomers in
each formulation if any crosslinking interactions took place between the thiol monomer
and acrylate high gel fractions would still be expected. However, physical properties may
reflect a change in network density. Ye et al. investigated the incorporation of acyrlates at
70 wt.% into thiol-yne matrices and found the addition to increase the Tg and modulus of
the network.95 Study 3 analyzed the effect a 5 wt.% addition of a tri-functional acrylate
may have on the substrate polymer interface, polymer air interface, as well as the overall
polymer network. Cross hatch analysis reported in Table 12 indicated the presence of the
additive at the substrate interface by improvement in adhesion strength of the polymer.
DSC analysis yielded a single Tg of the network suggesting a thorough dispersion and
incorporation of the acrylate into the polymer system. Unlike previously investigate
acrylate containing thiol-ene polymers the Tg in all formulations stayed relatively the
same with the incorporation of 5 wt.% additive from study 2 to study 3. In general
multiple outliers exists in both studies when analyzing physical network properties by
DSC analysis indicating a possible flaw in the procedure for polymerization. All samples
should be repeated in the future after a curing study is performed. The investigation of
surface properties using bulk tack texture analysis showed a slight increase in values of
film hardness for formulations containing the acrylate additive.
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Further mechanical analysis was performed on samples polymerized at 350nm.
Both formulation with and without 5 wt.% arcylate additive where investigated this time
polymerized in bog bone released molds, engineered for tensile stress testing specifically
designed to minimize necking. Each sample was analyzed using a Bose Electroforce
3330 under 1N/sec tensile stress. The amount of force required to break the sample was
calculated as well as the samples response to the applied stress, strain values. Table 14
reports the stress applied to the sample at breakage, % of sample strain calculated by a
ratio of initial sample size and elongation before break, as well as the overall sample
toughness. Preliminary mechanical analysis suggested formulations that exhibited good
adhesion strength also had increased Tg, surface hardness, and possibly an increase in
modulus. Results from breakage testing consistently showed formulations that performed
well under cross hatch analysis also exhibited increased mechanical properties.
Formulations containing monomer 4 exhibited the highest toughness values and greatest
stress at break by an order of magnitude over formulations containing monomers 1 and 3.
Polymer elasticity also varied with formulations containing monomer 1 which showed
the highest degree of elongation and strain % at break. Subsequently monomer 1
formulations also revealed the lowest stress at break and toughness values. Preliminary
mechanical testing on the range of thiol and ene monomer formulations may have
revealed a correlation between mechanical properties and substrate adhesion.
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Table 14
Mechanical analysis of each formulation using Bose Electroforce 3330

Compositions
Prepared

stress at break (MPa) strain % at break (MPa) toughness (MPa)

1-5

1.33 ±0.15

0.11±0.018

0.09±0.027

1-5 5% AP

1.45±0.134

0.13±0.006

0.10±0.009

3-5

1.37±0.416

0.06±0.022

0.06±0.035

3-5 5% AP

1.4±0.071

0.05±0.006

0.04±0.010

4-5

22.03±3.60

0.02±0.006

0.39±0.098

4-5 5% AP

22.04±2.59

0.03±0.003

0.56±0.105

Conclusions
A fundamental thiol-ene investigation was performed analyzing physical,
mechanical, and surface properties, by probing the effects the network can impart at the
polymer substrate interface. Eight different thiol and ene monomers were analyzed each
varying in functionality and structural design. All formulations were prepared
maintaining a 1:1 thiol to ene ratio and drawn onto 5 different substrates. Standardized
techniques were used in efforts to understand the effect each monomer imparted on the
polymer network properties and at the substrate interface. Polymerization conditions
were varied to manipulate the relationship between kinetic polymerization and monomer
surface interaction. The use of less energy and slightly more time resulted in the
formation of continuous thiol-ene networks with some inconsistencies in Tg possibly
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resulting from a change in wavelength output from varying sources. A tri-functional
acrylate additive was successful incorporated into the network at 5 wt.% as an adhesion
promoter. Based on thiol and acrylate kinetic analysis previously done by Hoyle et al. the
acrylate was assumed to be incorporated into the network as an additive based on the
acrylates increased rate to homopolymerize when in the presence of thiol monomers. The
use of the industrial cure method produced films quickly however cross hatch analysis in
general was poor for all formulations. Allowing the formulations time to wet the surface
showed improvements in substrate adhesion specifically for metal substrates and for
formulations containing monomer 4 which was the most rigid ene relative to the other
ene monomers investigated. Variations in physical properties arose with the introduction
of the new curing procedure used in study 2. Incorporating an acrylate additive at 5 wt.%
increased the range of excellent substrate adhesion for 4 formulations analyzed.
Mechanical properties were investigated using the Bose Electroforce 3330 on each
formulation containing monomer 5 by analyzing stress taken to break each sample under
tensile stress, the resulting elongation at break, and the polymer toughness. Sample 4-5
with and without the acrylate additive exhibited the highest stress at break, and toughness
values by an order of magnitude over other formulations analyzed. Further
polymerization studies would need to be performed to prove complete polymerization of
films on the molecular level. All samples would need to analyzed in triplicate to
understand the error associated with each technique and sample. Nevertheless thiol-ene
formulations were produced the exhibited excellent adhesion on a range of substrates
showing great promise to industrial applications.
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